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Abstract. A series of experiments on the effect of divertor baffling on the Alcator C-Mod tokamak
provides stringent tests on models of neutral gas transport in and around the divertor region.
One attractive feature of these experiments is that a trial description of the background plasma
can be constructed from experimental measurements using a simple model, allowing the neutral
gas transport to be studied with a stand-alone code. The neutral-ion and neutral-neutral elastic
scattering processes recently added to the DEGAS 2 Monte Carlo neutral transport code permit
the neutral gas flow rates between the divertor and main chamber to be simulated more realistically
than before. Nonetheless, the simulated neutral pressures are too low and the deuterium Balmer-α
emission profiles differ qualitatively from those measured, indicating an incomplete understanding
of the physical processes involved in the experiment. Some potential explanations are examined and
opportunities for future exploration are highlighted. Improvements to atomic and surface physics
data and models will play a role in the latter.

INTRODUCTION

The development of models for plasma transport and plasma-material interactions in
the periphery of magnetically confined fusion devices aids in our understanding of
the underlying physical processes and should lead to tools facilitating the design of
future experiments [1]. An integral component of these models is a description of the
behavior of neutral atoms and molecules generated by plasma-material interactions and
volume recombination processes. Mean free paths for such atoms and molecules can
be large relative to the plasma and device scale lengths, requiring a kinetic description
of their transport. Furthermore, the physics and geometric detail needed for the desired
solution accuracy vastly exceed that achievable by analytic means. Instead, the Monte
Carlo techniques developed for simulating neutron transport have been adapted and
extended [2] to fill this need. Monte Carlo codes have the advantage of permitting the
incorporation of arbitrarily complicated geometry [3, 4] and physics into the simulations.
The limit on the realism of these simulations usually hinges on the correctness of the
physics involved.

The physics input to these codes can be broken down into plasma profiles, sources of
neutrals, and atomic and surface physics models. The first two items, which include the
electron and ion density, temperature, and flow velocity, can be obtained from analytic



expressions, edge plasma transport codes, or models based on direct experimental mea-
surements. We focus on the last approach since it seems to be the least uncertain given
the difficulty of solving the plasma transport equations in realistic situations. Issues of
diagnostic interpretation do exist [5], but lie beyond the scope of this paper.

We will describe simulations of specific experiments on the Alcator C-Mod tokamak
that test the atomic and surface physics models and data used in the Monte Carlo
neutral transport code DEGAS 2 [6] and illustrate how those physical processes directly
impact the observable quantities. The results of the simulations differ significantly from
the corresponding experimental values. We will examine potential explanations for the
discrepancies by determining the sensitivity of the simulated values to changes in the
assumptions underlying the simulations.

We conclude that no single satisfactory explanation can be found within the conven-
tional model of scrape-off layer plasma transport. More detailed and realistic descrip-
tions of the atomic and surface physics processes occurring in magnetic fusion devices
may lead to improved agreement with the experimental measurements or at least elim-
inate some of the existing uncertainties. However, a true resolution will likely require
advances in plasma transport models.

ALCATOR C-MOD EXPERIMENTS

A series of experiments on the Alcator C-Mod tokamak has directly addressed the
impact of neutral gas flows between the divertor region and the main chamber (Fig. 1) on
the plasma behavior. Prior to these experiments, the C-Mod device had been considered
to effectively baffle neutral hydrogen and impurity species generated in the divertor so
that they cannot easily make their way into the main chamber, penetrate into the confined
plasma and lead to a deterioration of its pressure through radiative cooling or through
effects on plasma microinstabilities.

A set of bypass valves has been installed on C-Mod to permit the neutral conductance
between the divertor and main chamber to be essentially doubled in as little as 20
ms. With the bypass valves closed, diagnostic openings provide intrinsic pathways for
neutrals to reach the main chamber. A principal result of these experiments is that
opening the bypass reduces the divertor neutral pressure by a factor of two [7]. The
current flowing through the bypass from the divertor to the main chamber is thus inferred
to remain constant. Even more surprisingly, the plasma parameters, Balmer-α emissions,
and several global characteristics of the plasma do not change substantially either.

The conclusion drawn is significant and astonishing: the Alcator C-Mod divertor oper-
ates as if it were unbaffled [7]. Neutral transport simulations with DEGAS 2 undertaken
to aid in the understanding of these experiments [4] supported a hypothesized explana-
tion based on a one-dimensional model [8]. Subsequent experiments and analysis [9]
suggest that we still do not have a complete understanding of these results.

For the purposes of this paper, the key point of [4] is that the absolute values of the
simulated neutral pressure are an order of magnitude too low. The particular deuterium
discharge upon which the simulations are based had a line average electron density
ne = 1.46×1020 m−3. With the bypass closed (open), the pressure in the divertor plenum
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FIGURE 1. Poloidal cross section of lower half of Alcator C-Mod tokamak;R is the major radius.
Plasma flows radially from closed flux surfaces across the separatrix and onto the open field lines. The
“X-point” of the separatrix serves as a dividing line between the “main chamber” and “divertor” portions
of the vacuum vessel. The divertor “targets” are the material surfaces first intersected by these open field
lines. The flux surfaces below the X-point are referred to as the “private flux region” (pfr). Neutral atoms
and molecules generated by plasma-material interactions are predominantly ionized by the plasma. Some
find their way through gaps (dashed curves) in the vacuum vessel into the divertor “plenum” and ducts
extending downward. The neutral pressure is measured by gauge “G”. Intrinsic leakage pathways plus the
bypass valves permit some neutrals to reach the main chamber from the plenum. Plasma parameters are
measured by two upstream reciprocating probes and by Langmuir probes embedded in the targets.

measured by an absolute capacitance gauge (Fig. 1) was 30 (15) mTorr. The other
key observable is the deuterium Balmer-α (Dα) emission pattern in the divertor region
viewed by a radial array of downward looking detectors.

The extensive diagnostic set present on Alcator C-Mod permits the plasma parameters
to be specified almost entirely by experimental measurements. The plasma conditions
across the open flux surfaces adjacent to the core plasma (“upstream”) are obtained
from fast-scanning Langmuir-Mach probes at midplane and above the entrance to the
divertor (“throat”). Fixed Langmuir probes in the target provide the plasma densities
and temperatures there as well as the ion fluxes striking the target. Because the discharge
density is well below the detachment density limit for the outer scrape-off layer, a simple
“two point” model [4, 10] is expected to suffice for specifying the spatial variation
of the plasma parameters between the probe locations. An ad hoc prescription for the
plasma parameter variation through the private flux region was made [4] for the initial
simulations. A more refined approach incorporating additional diagnostic data [11] will
be discussed later in the paper.

The original simulations postulated neutral sources in the main chamber and expo-
nential spatial decays for the plasma parameters away from the contiguous flux surfaces
[4]. However, these details are not critical to this paper and have not been incorporated
into the simulations described here.



DESCRIPTION OF SIMULATION AND BASELINE RESULTS

The geometry used in DEGAS 2 is built up from a simple outline of the tokamak vacuum
vessel and a magnetic equilibrium computed for the C-Mod shot and time of interest [4].
The geometry and simulations are toroidally symmetric. While this is a reasonable, and
typical, approximation for the plasma behavior, the vacuum vessel structure through
which the neutral gas flows possesses significant non-axisymmetric features [5]. The
implications of our approximation will be discussed at the end of the paper.

Two principal sources of neutrals enter into the simulations. The first is recycling
of plasma fluxes striking the divertor target plates. Physically, incoming plasma ions
are accelerated toward the targets through a narrow potential that naturally forms to
slow the more rapid flow of electrons towards the surface, resulting in no net current
to the surface. The ions are neutralized by the electron cloud near the surface prior
to coming in contact with surface atoms. In DEGAS 2, an ion is sampled from a
Maxwellian distribution at the local ion temperature and drift velocity. A value for the
sheath potential is computed using one of a few different, simple models. The result is
an increment, typically a few times the local electron temperature, to the ion’s energy
representing its acceleration through the sheath.

Specific models describing the interactions of neutral atoms, such as those arising
from incident ions, and molecules with material surfaces are incorporated into DEGAS
2. In general, the output of these models is a characterization of one or more produc-
t velocity distributions and values for the probability of each. In particular, the binary
collision code TRIM [12] provides probabilities for reflection of deuterium atoms on
molybdenum (all surfaces in these simulations) as a function of incident energy and an-
gle. The TRIM data also contain probability distributions characterizing the outgoing
atom’s energy and direction relative to the incident direction. Typical reflection coeffi-
cients are between0.5 and0.6; reflected atoms usually leave the surface with a signifi-
cant fraction of their incident energy.

The magnitude of tokamak plasma fluxes is large enough that the near-surface layers
of the targets are quickly saturated. Typically, the plasma density reaches a steady state
without additional fueling [7]. The simulation assumes that the number of incident ions
and atoms per second not reflected (i.e., are absorbed) is balanced by an equal rate of
molecular desorption. These deuterium molecules have an energy characteristic of the
wall temperature, taken to be 300 K. Their outgoing angular distribution is preferentially
normal to the surface, but isotropic in azimuthal angle. All incidentmoleculesare
assumed to be absorbed, but likewise balanced by an equal rate of molecular desorption
(i.e., no reflection).

The second neutral source in the simulations is volume recombination of deuterium
ions and electrons. The recombination rate is obtained from a collisional-radiative model
[13, 14] that also provides the rate for multi-step electron impact ionization of deuteri-
um atoms. The collision cross-sections used in the model have been taken from [15].
The collisional-radiative model assumes that the divertor plasma is optically thin; we
will address this issue later in the paper. The rates and kinetic treatment of molecular
dissociation and ionization are described in [16].

Scattering of deuterium atoms and molecules off deuterium ions is effected with dif-
ferential cross-sections calculated using state-of-the-art quantum mechanical techniques
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FIGURE 2. Comparison of experimental data from the array of downward looking Dα detectors with
several simulations.

[17]. The atom - ion interaction incorporates both classically identifiable charge ex-
change and elastic scattering channels. For computational efficiency, a minimum scat-
tering angle is enforced with a constraint that the momentum transport cross-section be
unaltered [18]. The differential scattering is handled using cumulative probability tables
for the cosine of the scattering angle.

A simple, iterative BGK treatment of neutral-neutral elastic scattering is used [18, 19].
For the observed pressures, the ratio of the neutral-neutral mean free path relative to a
typical scale length can be as low as∼ 0.01 for molecules and> 1 for atoms. The
transitional conditions occurring in the problem demand a nonlinear kinetic treatment
similar to the one being used here.

The baseline simulations corresponding to the bypass open and closed states yield
molecular pressures near the location of the gauge of 0.74 and 0.97 mTorr, respectively.
Both results are more than an order of magnitude smaller than the measured values of
15 and 30 mTorr. Likewise, the baseline simulated Dα signal is everywhere well below
the experimental curve (Fig. 2). Furthermore, the radial variation of the two curves is
qualitatively different.

The trend of the neutral pressure and flow rate through the bypass as the bypass
conductance is varied [4] are consistent with Pitcher’s analytic model [8]. However,
the magnitude of the pressure and Dα disagreement detracts from the credibility of the
simulations as a comprehensive picture of the experimental behavior. Furthermore, they
indicate a serious shortcoming or omission in some aspect of the neutral transport model
(including, possibly, the input experimental data). Such under-predictions of the neutral
pressure are not new [5, 20, 21]. We will now examine possible explanations for the
current discrepancies.



ASSESSMENT OF MODEL COMPONENTS

Both the neutral pressure and the overall magnitude of the Dα emission profile scale
directly with the strength of the neutral sources [4]. The Dα signal is generally indicative
of a nearby source of neutral atoms. The light can be the result of a cascade down from
the continuum (recombination) or due to excitation of atoms.

The two principal characteristics of the recycling source are the total current of
particles reaching the divertor targets and the reflected fraction. For a given recycling
current, the neutral pressure and Dα signals are sensitive to the plasma model used to
interpolate between the Langmuir probe data. For example, a somewhat ad hoc lowering
of the plasma density and temperature immediately in front of the target effectively
increases the recycling source by reducing the fraction of recycled atoms that are ionized
just as they come off the surface [4].

The rest of the connection between the recycling source and the neutral pressure
measured some distance, perhaps meters, away is governed by the elastic interactions
between the plasma ions, recycled atoms and molecules. Recycled ions reflected as
atoms will have energies comparable to the local electron temperature (a few eV or
larger). Atoms resulting from dissociation of molecules have Frank-Condon energies
of 2 - 3 eV. In the plasma region, the atoms are also tightly coupled to the local
ion population through elastic scattering, i.e., charge exchange. The result is an atom
temperature in the divertor of roughly 2 eV. On the other hand, molecules start off at the
wall temperature, equivalent to an energy of only 0.03 eV.

Elastic scattering transfers momentum from the plasma ions and warm atoms to the
molecules, raising their pressure [8]. Turning off the elastic scattering processes between
the molecules and other species in one sensitivity test resulted in more than a factor of
two decrease in the total neutral pressure [4]. Their addition represents a significant
improvement in the realism of the code’s atomic physics [22]. The data underlying these
processes and their implementation in DEGAS 2 have now been thoroughly validated
[14, 18]. No further enhancements or modifications capable of explaining the neutral
pressure discrepancy are foreseen.

The surface reflection coefficient determines the fraction of incident ions that are
reflected and, hence, the balance between relatively fast atoms and slow molecules in the
stream of recycled neutral particles. This balance in turn has an influence on the neutral
pressure through the momentum exchanges mediated by the elastic scattering processes.
Pitcher’s semi-analytic model of the divertor bypass experiments produced molecular
pressures of> 10 mTorr [8]. The biggest contributor to the apparent discrepancy with
the complete DEGAS 2 runs is the semi-analytic model’s simplified treatment of the
interactions of the neutral species with material surfaces. We can emulate that treatment
in DEGAS 2 by specularly reflecting all ions / atoms incident on the divertor targets. All
other surfaces are taken to yield only desorbed molecules. The result is an increase of
the neutral pressure from 0.97 mTorr to 1.72 mTorr. The Dα emission profile for this run
does not differ significantly from the baseline curve in Fig. 2.

This sensitivity suggests taking a closer examination of the surface physics models
used in DEGAS 2. However, because the material conditions found inside an operat-
ing tokamak are difficult to duplicate in the laboratory and because diagnosing tokamak
plasma-material interaction in situ is even more problematic, improvements to the ide-



alized descriptions currently used in the simulations will be slow in coming.
The source rate for recombination is determined by the plasma parameters input to

DEGAS 2 via the collisional-radiative model for hydrogen. In the baseline simulation,
the total source of recombined atoms is1% of the ion flux to the targets. The resulting
Dα emission profile peaks near the divertor targets, whereas the experimental signal
possesses a single broad peak centered about the private flux region (Fig. 2). This
discrepancy suggests a much stronger recombination source in the private flux region
than is provided in the baseline model.

Tomographic reconstruction of the Dγ emission [23] also indicates much more re-
combination than is predicted with the simple plasma model used to set up the input to
DEGAS 2. The Dγ emission peaks in the private flux region between the inner target and
the X-point. Ad hoc manipulations of the private flux region plasma intended to replicate
the peak Dγ emission result in a centrally peaked Dα emission pattern and an increase
in the neutral pressure to 1.88 mTorr [4].

The Onion Skin Method (OSM) code [24] provides a more physically accurate ap-
proach to this task, as well as to estimating the plasma parameters between the probe
locations in the main scrape-off layer [11]. The OSM model solves the plasma conser-
vation equations in one dimension along field lines using the available experimental data
as constraints. In the main scrape-off layer, the plasma sources due to neutral species are
self-consistently computed with the EIRENE Monte Carlo neutral transport code. In the
private flux region, the plasma description contains a number of free parameters that can
be varied to yield an optimal match between the simulated and experimental Dα and Dγ

profiles. The effect of Lyman-α radiation trapping on the recombination rate is estimat-
ed using the EIRENE-computed neutral density to determine the local photon mean free
path. The resulting plasma densities and temperatures are then cross-checked with Stark
broadening measurements. The result is again a complete, two-dimensional description
of the plasma density and temperature built up from the available diagnostic data with a
minimal number of assumptions.

Using this plasma as input to DEGAS 2 yields a neutral pressure of 2.02 mTorr
and an improvement in the comparison with the experimental Dα emission pattern
(Fig. 2). Despite the increased sophistication of the plasma model, the neutral pressure
is again too low and the Dα profile still differs significantly from the one observed
experimentally. Note that the DEGAS 2 results match those produced by EIRENE as
part of the OSM solution procedure. The independent simulations with DEGAS 2 not
only provide confirmation of the EIRENE results, but serve as useful comparisons with
the other DEGAS 2 work described in this paper.

Two physical effects missing from this DEGAS 2 calculation are radiation trapping
and light reflections off of the metal surfaces inside Alcator C-Mod. For typical Alcator
C-Mod divertor parameters, Lyman-α and β are trapped [25]; Balmer-α is optically
thin. Incorporating these effects into the code would lead to changes in recombination
(similar to those in OSM-EIRENE) and ionization rates as well as to the ionization
balance. In the DEGAS 2 simulations, the most significant impact of radiation trapping
would be an increase in the ionization rate, leading to areductionin the neutral pressure
below that of the baseline simulation. Radiation trapping should be self-consistently
incorporated into these simulations, although doing so may not improve the comparison
with experimental data. An escape factor formalism [25] is feasible, but represents only a



rough approximation. Some attempts at more sophisticated treatments have been made
[25, 26]. A comprehensive, but practical, model for including radiation transport into
divertor plasma and neutral transport is needed.

The second missing physical effect is the reflection of the Dα light off of the shiny
molybdenum tiles in the Alcator C-Mod divertor. Such reflections complicate interpre-
tation of the divertor-viewing chords. The reflectivity of molybdenum is roughly50% at
the 6560 Å Dα wavelength. To assess the potential importance of this effect, we extend
the integration chords used in DEGAS 2 to simulate the divertor-viewing diagnostic to
include several50% specular reflections. The simulation based on the OSM plasma was
then run again. As shown in Fig. 2, the reflections broaden the central Dα emission peak,
but not enough to explain the discrepancy with the experimental data. Of course, this
change to the simulated diagnostic signal has no effect on the neutral pressure. More re-
alistic treatments of these reflections, including its incorporation into the OSM-EIRENE
analysis, will be reported elsewhere.

DISCUSSION

Ro-vibrational excitation of molecules alters the rates and, hence, the relative impor-
tance of molecular and molecular ion reactions [27, 28]. Furthermore, via the “molecu-
lar assisted recombination” (MAR) mechanism [27], it can provide an additional source
of recombination for deuterium ions. Heretofore, such effects have been largely ig-
nored in divertor simulations. Collisional-radiative models involving vibrationally ex-
cited molecules have been assembled [28, 29] and compared with experimental da-
ta [27, 30, 31]. Additional and higher quality cross-sections are needed to complete
these models [28]. Furthermore, the virtually non-existent data on rotationally excit-
ed states must be measured or computed and incorporated into them [27]. Because ro-
vibrationally excited states are metastable on typical neutral transport time scales, they
must be explicitly transported in codes such as DEGAS 2 and EIRENE. The consequent
addition of 17 or more species to the code significantly increases the complexity and
computational requirements of these simulations [30].

The importance of MAR to tokamak divertor plasmas remains contentious [27, 30].
Using the rates provided in [28], we estimate the neutral source due to MAR to be2%
of the total neutral source in the baseline DEGAS 2 simulation and7% for the OSM
plasma case. This incremental source is too small to explain the discrepancies in neutral
pressure and Dα emission.

The structures through which neutral gas escape the divertor to reach the pressure
gauges and the main chamber are not toroidally symmetric [5]. In particular, the gaps
between the private flux region and the gas box, as well as the divertor bypass and
intrinsic leakage pathways, all vary toroidally. Because a net neutral flow is maintained
along the neutral pathway, pressure drops exist across these constrictions. The magnitude
of the pressure drop is affected by the size of the opening and by the mean free path
of the neutral species. The simulated gaps in DEGAS 2, however, are axisymmetric.
Without performing three-dimensional simulations, determining the resulting impact on
the neutral pressure is difficult. While the error could be significant, we suspect that the



neutral pressure discrepancy is due to a vastly less subtle effect.
The rapidly evolving picture of scrape-off layer plasma transport may provide just

such an effect. Recent observations of filamentary structures [32] and broad main cham-
ber scrape-off layer profiles [33, 34] indicate that the “standard” characterization of the
scrape-off layer as having diffusive transport and exponentially decaying plasma profiles
is qualitatively incomplete. Furthermore, new data and associated analyses indicate that
the bulk of the neutrals being recycled into the main chamber are arising from the main
chamber walls, not from the divertor surfaces [33, 34], as had hitherto been supposed.
The revised description of scrape-off layer behavior as intermittent and non-diffusive
[35] invalidates some of the assumptions behind the models used to generate the plasma
input to DEGAS 2. Furthermore, the strong (∼ 100%) fluctuations reported in these ob-
servations imply correspondingly large fluctuations in the physical quantities measured
by the diagnostic signals (e.g., the Dα emission profile). The absence of tens-of-kilohertz
time resolution in these signals complicates the comparisons with the DEGAS 2 simu-
lations. The origins of the discrepancies reported in this paper may only become clear
once our global picture of scrape-off layer transport has been appropriately revised and
issues such as diagnostic interpretation have been addressed.

SUMMARY

We have described neutral transport simulations of Alcator C-Mod experiments. Con-
sistently low neutral pressures and Dα emission profiles qualitatively different from
those observed indicate deficiencies in the physics model underlying the code. Aspects
of the atomic and surface physics data have been examined as potential areas for fu-
ture improvement. The surface physics model appears particularly deserving of more
careful validation and / or increased realism. The effects of radiation trapping and ro-
vibrationally excited molecules should be incorporated into the simulations; comprehen-
sive and practical descriptions of these processes are needed. The greatest deficiencies
in these simulations appear to lie in the models used to tie the experimental data together
into the complete two-dimensional plasma profiles input to DEGAS 2. Experimental and
theoretical efforts to better understand the plasma transport embodied in these models
are currently underway.
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