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Abstract: A series of experiments are described which are aimed at quantifying the relative
contribution of divertor leakage and radial ion transport on neutral pressures surrounding the
core plasma. Variations in the divertor geometry, magnetic equilibrium, divertor bypass leakage
and confinement mode give evidence that cross-field transport competes with, or dominates,
parallel transport in such away that plasma exists far out in the Scrape-Off Layer (SOL) shadow
and recycles on main chamber surfaces.

Based on asimple neutral flow model we estimate that neutrals escaping from leaks in the
lower (closed) divertor during lower x-point operation contribute a smaller fraction (~10-30%) of
the midplane pressure than main chamber recycling. The inferred leakage is much larger from
the upper (open) divertor during upper x-point operation. Most neutrals escaping from either
divertor do not directly travel to the midplane. Instead, they are redirected, most likely by
ionization and/or collisions (elastic, charge exchange). We are able to infer toroidal and poloidal
neutral attenuation lengths for this leakage of ~ 20 and ~50 cm respectively. Relatively high
divertor pressures are found in upper-null (unbaffled) discharges. This suggests that the SOL
plasma may take the place of the mechanical structure present in the lower divertor.
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1. Introduction

The Scrape-Off Layer (SOL) affects a number of aspects of tokamak operation. Plasma
conditions outside the plasma core determine the characteristics of the divertor plasma and
therefore the parallel power and particle flow profile at divertor or limiter surfaces. The resultant
divertor impurity sources and helium compression in the divertor are also important. Moreover,
the SOL can be very important for directly affecting the core - impurity sourcesin the main
chamber, boundary conditions of density and temperature, and in particular, fueling and particle
control.

There are two routes for neutrals to arrive in the region outside the core plasma, from which
they may reach the core: 1) through radial ion transport to the main chamber surfaces with
resultant recycling and creation of neutrals; and 2) by neutral leakage from the divertor (for a
diverted plasma). In this paper we describe a series of experiments aimed at assessing the relative
roles of these two paths for affecting the main chamber neutral pressure. These include variations
in geometry, magnetic equilibrium, divertor bypass leakage and confinement mode.

Previous experiments concentrating on this subject imply that cross-field ion transport in
Alcator C-Mod [1-5] can lead to large ion fluxes to main chamber surfaces and resultant neutral
sources. A similar conclusion was reached for ASDEX-Upgrade [6]. Thisinterpretation is
suggested in part by the shape of the measured density profiles. Results from a number of
experiments [7,8,6,9,10] have shown that the SOL can often be characterized by aregion near
the separatrix (‘near’ SOL) with a short density gradient length. Farther out in the SOL (‘far’
SOL), the density e-folding length can be much longer, giving the appearance of a‘shoulder’.
The differences in gradients between the near and far SOL have been modeled as due to
differencesin radial ion transport [11,6,12,1,2,4] with cross field diffusion in the far SOL
exceeding Bohm values. The difference between L- and H-mode plasmasislimited to a
reduction in effective radial diffusivitiesin the near SOL [4].

It is reasonable to expect that the divertor geometry should play arolein neutral control
[13,14]. Neutrals could leak from the divertor and directly travel to the midplane. Such non-local
neutral sources have also been shown to give rise to a shoulder on the density profile [7,15]. The
experimental results on this subject are varied, to say the least. Results from JET [16], JFT-2M
[17], and DIlI-D [18] indicate that increased divertor closure (geometry as well as closing leaks
through the divertor structure) leadsto a reduction in the midplane pressure. The most recent
increase in geometrical closure of the JET divertor (while keeping the leakage the same) has
increased the divertor pressure, without changing the midplane pressure [19]. An interpretation
of thisresult isthat the leaks through the divertor structure in JET no longer affect the midplane
pressure [14]. Results from the closing of leaks on C-Mod and ASDEX-Upgrade lead to an
increase in divertor pressure with no change in midplane pressure [10,20,21]. More specific
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experiments were performed on C-Mod utilizing divertor bypass valves that could be used to
change the leakage conductance even during a single discharge [13] [22]. These also implied
little effect on the midplane pressure, even though the predicted |eakage fluxes were many times
the source due to gas fueling valves. A constant flux argument (flux independent of conductance)
was invoked to explain this[13].

The question of the origin of midplane neutralsin a divertor tokamak raises other, more
macroscopic issues. An important goal of the divertor configuration is to capture the power and
particles leaving the core. In addition, the divertor concept isintended to remove the impurity
source locations to surfaces far from the plasma core, idedlly at divertor surfaces. A better
understanding of the limits of the divertor configuration will allow us to make a more
guantitative judgement between alternative particle and heat flux handling geometries.

The experiments reported here are aimed at better quantifying the relative contribution of
divertor leakage and radial ion transport on the midplane pressure. By varying the location of
limitersin the SOL we find that cross-field transport competes with, or dominates, parallel
transport in such away that plasma exists far out in the SOL shadow, thus leading to main
chamber recycling. Changing the core transport from L- to H-mode leads to little or no effect on
the far SOL indicating that the flux to the walls has not changed, just the gradients at the
separatrix and the density in the core..

In an effort to assess the divertor |eakage contribution to the midplane pressure we varied the
lower closed divertor pressures (and by inference the leakage from the lower divertor)
independent of core density. Based on a simple model we are able to estimate that the lower
divertor contributes between ~10-30% of the midplane pressure, the rest supplied by main
chamber recycling. In these experiments we also compared the lower closed divertor to the upper
divertor which is completely open, without mechanical baffling. The more open upper divertor
appearsto create a high recycling condition similar to that of the much more closed lower
divertor, leading to similar neutral pressuresin either divertor. The leakage of neutrals from the
upper open divertor to the midplane is much larger than from the lower divertor, and on alevel
comparable to main chamber recycling.

2. Experimental description
All results reported in this paper were obtained with deuterium discharges with B x [IB

towards the bottom of the vessal. For most discharges the x-point was |located at the bottom of
the vessel where the closed, vertical plate divertor, is located [Elq_1all Unless otherwise
specified all discharges are in D2. Some experiments required the dominant x-point to be located
at the top of the vessel where the divertor is completely open The genera
characteristics and diagnostics of the Alcator C-Mod device can be found elsewhere. Further
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details on some of the edge diagnostics have aso been published previously [10,4]. Here we
present some of the more relevant diagnostic descriptions.

The locations of the various pressure diagnostics are shown in [E.Qures 1a-nl Baratron
capacitance manometer gauges (~50 ms response time) are located in vertical ports connected to
the upper and lower divertors as well as at the midplane of the torusin alarge horizontal port.
There are two such gauges in the lower divertor, one located at a port (herein called an ‘ open’
port) with a diagnostic opening through which neutrals can escape back to the main chamber.
The other is located at a port without a diagnostic opening (‘closed’ port where neutral leakage
isminimal). Other gauges include a shielded Bayard-Alpert ionization gauge (response time ~ 30
ms), located at the outer midplane, and several Penning gauges (response time < 5 ms), located at
several points toroidally (see and poloidally [ELg_1a)] All gauges are calibrated against
the Baratron gauges. The Penning gauges have the additional constraint of requiring the full
toroidal magnetic field on at the time of calibration. It isimportant to point out that the only
diagnostic we have of the upper divertor isthe Baratron gauge mentioned above.

The outer divertor bypass system [22] allows the neutral |eakage through the closed lower
divertor to the main chamber to be varied dynamically during adischarge. There are 10 discrete
toroidally—spaced valves, the locations of which are shown in [EL.G_10l

High resolution profiles of electron temperature and density in the SOL are obtained from
two scanning probe systems, both of which are shown in [Elg_1a a vertical-scanning probe that
samples plasma at a position ‘upstream' from the entrance to the outer divertor, and a
horizontally-scanning probe that records plasma conditions 10 cm above the midplane.

For the experiments described herein we vary the magnetic equilibrium from lower to upper
x-point. The measure of the equilibrium variation is the radial gap between the first and second
separatrix mapped to the outer midplane, denoted by the parameter SSEP in the EFIT
equilibrium solver code [23]. SSEP is negative for lower x-point dominant, positive for the upper
null. Typica minimum values are -15 to -20 mm for lower x-point equilibria, but often the
magnitude of SSEP islarger.

3. Main chamber sources of neutrals

In the introduction we referred to two potential contributors to the neutral population
surrounding the plasma (in general we are referring to the neutral density at the outer midplane):
1) ion fluxes recycling off of main chamber surfaces as neutrals, and 2) neutral leakage from the
divertor. Note that the former forms a circuit of ions transported across the magnetic field,
flowing out of the core and SOL, and returning to the core and SOL as neutrals. The latter forms
adifferent circuit — ions leave the SOL by flowing along the field into the divertor, recycling as
neutrals and reentering the core or SOL (leaking through divertor structure) where they are
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ionized, closing the loop. In this section we will first discuss the evidence for the existence and
magnitude of the first loop.

3.1 Main chamber neutrals due to cross-field ion flow
3.1.1 General characterization

We briefly review the characteristics of the SOL and the techniques used in this section.
Eilgure? includes density and temperature profiles across the SOL for 9
different core densities 1x1020 m-3 < i, < 2.6x1020 m-3 ( 0.17 < NGreenwald < 0.45), derived
from the horizontal scanning probe. The distance from the separatrix islabeled ‘ p’. The location
of the limiter isindicated, varying from p =19-22 mm for these data. The near SOL (0.4 mm < p)
has a short e-folding length that is similar to its width. The density at the limiter and in its
shadow is strongly dependent on n,. At the two highest densities shown the density profile near
the separatrix flattens as well.

The temperature near the separatrix varies little as one might expect from aregion where
parallel conduction dominates energy transport. Near the separatrix the temperature gradients
vary little as n, isincreased. The gradient scale length gradually increases as afunction of p. In
these measurements and other measurements in the region beyond the limiter, the temperature is
amost awaysin therange 5-10 eV. Thusthereis very little gradient in temperature profile
beyond that point.

Asthe density isincreased beyond the range shown here, the flat region of the density profile
starts moving inside the separatrix . At the same time the separatrix temperature drops, indicative
that parallel conduction is no longer determining the temperature there. The details of the
evolution of SOL conditions as the density limit is approached can be found elsewhere [5].

In previous work [4] we have developed an interpretive analysis of probe and ionization
source profiles to determine an effective cross-field diffusion coefficient, D, and radial ion
fluxes, I';;. The cross-field ion flux density entering the region between two poloidal limiters,
['oim can be determined by integrating the parallel ion current incident on those limiters.

IFDJ [dA = IF”J [dA, + J’S [dv @)

lim. face lim. sides between limiters

The assumption underlying the use of this continuity equation is that ionization in the limiter
shadow must be small compared to parallel flux term in the continuity equation:

Iri j LA, >> J’S [dV,or
lim. sides between limiters 2

2nc,/L>>9
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Where L isthetoroida spacing, S istheionization rate density, and csistheion sound
speed. For the region between two limiters where the horizontal scanning probe is inserted this
criterion is easily satisfied. Typical values of the parameters are ng ~ 1x1019 m-3, Te~ 10 eV, L
~0.8m, and § ~ 2x1022 m-3s1. [ ;.. shownin scales linearly with the midplane
pressure (which itself scales as~ ﬁe"' [3,4]). The top horizontal axis shows an estimate of the
inward flux of neutrals, I ,, based on the midplane pressure. We see that radially outward ion
fluxes are balanced by the inward neutral fluxes to within a reasonable factor (~ 2). It should be
pointed out that a previously reported set of data taken over awider variety of plasma currents
and limiter gaps showed a departure from a linear relationship between fluxesto the limiter and
midplane neutral pressures at the highest densities [4]. Therefore there may be some concern that
the measurements at the outer midplane might be somehow unusual, and in particular high,
compared to other poloidal locations. But we have found that the neutral pressures (and perhaps
radial ion fluxes) at the outer midplane are lower than at other locations poloidally around the
plasma, but outside the divertor. For example, pressures at the top of the vessel can be 2-10x that
at the midplane. In addition, Do measurements show that at times recycling at the inner wall can
be higher than at the outer midplane. Furthermore, flux surfacesin the far SOL impact on the
horizontal baffle section of the outer divertor leading to additional plasma recycling outside the
lower divertor proper.

3.1.2 Effect of changes in core confinement

The characteristics of the far SOL appear to be relatively unaffected by the transition from L-
to H-mode. In [lgure we show the effects on the SOL of atransition from L- to H-mode. The
H-mode density profile isfrom atime ~ 140 msec after the transition when the core
density is close to its H-mode level of 2.6x1020 m-3 (from 1.6x1020 m-3in L-mode). The far
SOL is unaffected by the change in core confinement even though the line-averaged density, n,,
nearly doubles. In the near SOL region the electron pressure and density as well as their
gradients are larger. The electron temperature is slightly lower in thisregion, leading to an
increased collisionality. Utilizing these profiles and the local Lyq emissivity [24], alocal
effective particle diffusivity, Dy =T,/ n, just outside the separatrix is obtained [4,5] (Fig.
After the transition to H-mode D, drops by about afactor of 2-3. However, the effective
particle diffusivity in the far SOL is essentially unchanged at levels of 0.5 m2/sec, severa times
Bohm. One can also compute the average radia transport velocity associated with the radial ion
flux, Vi =I5 /ng. Thisisshownin Because density is decreasing throughout the
SOL, V; increases acrossthe SOL (V. iN is discussed later in Section 4.1). The radial
outward velocity is reduced in H-mode in the near SOL. We note that the velocities determined
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by such an analysis are lower than that found through analysis of fluctuation transport by
probeg 25] and Do emission [26].

The correlation between plasma density, flux and neutral pressure at the limiter extends to H-
mode plasmas. In [E1Q.4 we provide, for both L-mode and H-mode plasmas, the scaling of
density [Elg.4a] and radial ion flux at the limiter radius [ELQ_20] as well as the midplane
pressure [E10.4c] vs. the core line-averaged density. All measures scale similarly. The L- and H-
mode data points are often from the same discharge, before and after the transition. The H-mode
data appears to have a similar trend as the L-mode data, but displaced to higher core densities.
Thus, like [ELaured the change from L- to H-mode leaves the radial ion fluxes and resultant main
chamber recycling the same. On the other hand the lack of variation of the midplane pressure
from L- to H-mode might also be consistent with neutral |eakage affecting the midplane
pressure: Divertor pressures (and the accompanying leakage) also do not change significantly in
the transition.

3.1.3 Effect of changesin the limiter gap

One method used to explore the strength of radial transport isto radialy shift the separatrix
of adiverted equilibrium until it is coincident with a main chamber surface. The magnetic
equilibrium including lower x-point, separatrix, and divertor strike points are retained. [ELqured
shows the density profiles at the outer SOL midplane (horizontally-scanning probe located
toroidally between two poloidal limiters - for four ohmic discharges with very similar
core density (1.5x1020 m-3) and plasma current (800 kA) where the inner gap (separatrix to
inner wall) was varied from 0 to 15 mm. The gap between the separatrix and the outer limiters
was kept large (12-25 mm). The flux surface corresponding to a 12 mm gap at the outside edge is
equivalent to agap of 15 mm when followed to the inner edge. We find that the SOL
characteristics, including not only density and temperature, but also the midplane pressure, are
relatively unaffected by the flux surfaces (0-15 mm) being intercepted by the inner wall, ‘filling-
in’ around it. Thisis certainly consistent with amodel with strong radial transport. Alternatively,
theinsertion of alimiter leads to recycling in just the right way that the recycled neutrals are
ionized and give the same density profile as without a limiter. Thiswould still require that power
be transported into the shadow of the limiter, sufficient to ionize those neutrals. In any case
limiting the plasma on the inner wall does not lower the density in the shadowed region and the
ion fluxesto the first wall surfaces (with resultant production of neutrals) further out in the SOL
remains the same.

Similar experiments were carried out by limiting the plasma on the outer limiter, while
keeping the inner gap constant. The results are more confused for this case. Again, thereisa
filling-in effect such that the vertical scanning probe sees little effect on the far SOL. The
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amount of recycling light in the shadow of the limiter (and ion flux into the limiter shadow) rises
significantly, but the midplane pressure hardly changes. It is somewhat surprising that the
introduction of such a strong localized recycling source does not lead to significant changesin
the midplane pressure at a nearby toroidal location. Experiments described |ater in this paper
indicate that such localized neutral sources are smoothed out by neutral transport in the toroidal
and poloidal directions.

3.2 Main chamber neutrals due to divertor neutral leakage

Atissueisthelevel of neutral leakage out of the divertor, and whether such neutrals reach
the midplane and the pressure measurement gauge. We do not directly measure the flow, rather
we measure pressures and try to infer the flow magnitude relative to main chamber recycling.

3.2.1 General observations: lower x-point discharges

The strongest argument that neutrals are leaking out of the divertor and directly reaching the
midplane measurement gauge is the correlation between the pressures measured in the divertor
and at the midplane [27]. In [Elaured we present the scaling of midplane pressure against the
pressure measured at three divertor locations (see a) the lower divertor at a closed
port b) the lower divertor at an open port and c) the upper divertor
this divertor is very open because there is no mechanical baffling). The data are from two days of
experiments where the density was varied in ohmic, lower single-null discharges while the gaps
and plasma current (0.8 MA) were held constant. Attached and detached discharges are included.
Both the lower open port divertor and upper divertor pressures correlate linearly with the
midplane pressure, the scalings of the two pressures roughly afactor of 9 apart. The correlation
is poorer for the lower divertor (closed port) pressure. Neutrals leak out of the lower divertor
mainly through the five diagnostic openingsin the outer divertor, one of which has the ‘ open
port divertor gauge’ located in it. Thus that gauge should be proportional to the leakage flux. The
neutrals that collect below closed divertor sections must travel toroidally to reach the diagnostic
openings in the outer divertor before escaping the divertor towards the midplane. The difference
between lower divertor open and closed port pressures and their respective scalings could
possibly be due to variationsin that toroidal transport, perhaps dependent on transport regime
(e.g. detached vs. attached).

The linear scaling between the lower divertor (open port) pressure (PLp) and the midplane
pressure (Po,Mid) is consistent with a simple mode! which balances the number of neutrals
entering the core plasma per unit time ( rD,O) across the separatrix at the outer edge (area,
Aplasma) With the neutral flux through a divertor leakage area, AL | eak [27]:
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M0 = BRomiaAviasma = F IBUR LA Leak) €)

We have assumed some effective transmission factor f, for neutrals to directly stream from
the divertor to the midplane. We expect f to be lessthan 1. The conversion factor, [3, is from the
proportionality between pressure and flux in the case of free molecular flow, S P =nc/ 4,
where [3 = 1.14x1022 D atoms/m3/mTorr for room temperature D2 molecules. Implicit in Eq. 3
is the assumption that the measured midplane pressure is representative of atoroidal and poloidal
average of neutral pressures over the area Apjasma. [3 drops out and the result is the relationship

Fomvia = f(FpRa) (4)

where the ratio of AL | eak t0 Apjasma, Ra =.0136. On the basis of this scaling and
where fxRa =.033, we obtain avalue f ~ 2.5. This obviously large number could be due to the
smplicity of the model, an underestimate of A_ | eak, and/or, as we will see, lack of inclusion of
other effects.

It is somewhat puzzling to observe asimilar linear dependence of the midplane pressure on
the upper divertor pressure if the lower divertor isthe dominant source of leakage. The area of
the opening through which neutrals escape the upper divertor towards the midplane is ~ 4800
cm2, roughly 8x that of the total lower divertor diagnostic openings. We can expand Eq. 4 to
include leakage from the upper divertor:

Povia = F(RipRua + RoRA) (%)

where we have defined separate constants, Ra, for the two divertors and assumed that the
transmission of neutrals from aleakage aperture to the midplane is the same for upper and lower
divertors. The latter is reasonable given that the leakage locations are symmetric about the
midplane and that the outer edge of the plasmais fairly symmetric as well. Because Pyp ~
PLp/9 and Rya ~ 8xRL A we expect the contribution to the midplane pressure from
the two divertors to be nearly the same based on the measured pressures. So, if the lower divertor
is making a contribution to the midplane pressure during lower single-null discharges, the upper
divertor is likely making a contribution of similar magnitude. Based on Eq. 5, the value of the
transmission factor, f, drops to more areasonable value, 1.25, but still too high. On the other
hand, there is till a clear inconsistency in the physics model. Where are the ions coming from
that produce such alarge source of neutralsin the upper divertor if, for lower x-point discharges,
most of the open field lines of the SOL terminate on the lower divertor? It could only be due to
recycling in the main chamber somewhere, perhaps at the inner wall, or field lines on flux
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surfaces beyond the second separatrix and limiter, even farther out in the SOL hitting vessel
surfaces at the top of the vessel (The upper x-point is outside the vessel for most of these data
points). In either case radial transport must be moving ions across the field at a significant level
to populate those flux surfaces. This points out that we should generalize Eq. 5 to include the
contribution to the midplane pressure from main chamber recycling (not from the upper
divertor), PmMCR:

Pomia = F(RipRia + FoRa) + Pucr (6)

Again, using areasonable value for f (0.5) we can ask what the contribution of PNCR isto
Po,Mid- Substituting in the scaling relationships of between Pup, PLp and Po Mid we
find PMCR ~ 0.67xPo,Mid- Sincein reality the upper divertor isjust part of the main chamber
(lower x-point at the bottom) then inclusion of its contribution to the midplane pressurein PMCR
implies that main chamber recycling contributes 80% of the midplane pressure. Now clearly the
simplicity of this model may alow for considerable change in this result, perhaps even reversing
the numbers such that divertor leakage completely dominates the midplane pressure. We will
attempt in the remainder of the paper to estimate the contributions of divertor leakage and main
chamber recycling on the midplane pressure from different sets of data.

To give the reader some appreciation of the fluxes being discussed, we review the
throughputs of such leaks. We assume that the amount of leakage is predicted by simple free
molecular flow through an aperture. Given the area of the lower divertor openings, the
conductance (~ 20 m3/sec) and driving pressure lead to leakage fluxes in the range 0.5-2 x1022
particle/sec for typical lower open divertor conditions (5-20 mTorr). This neutral leak rateis of
similar magnitude as the integrated ion flux to the lower outer divertor plate, and ~ 20x that used
to maintain the plasma density through the torus gas-puff valves! It would seem that at these
values of |eakage the gas-puff valve would be ineffective for density control relative to changes
in divertor geometry and x-point location. But it is not.

3.2.2 Effect of changesin inner limiter gap

Because the divertor and midplane pressures are so strongly correlated with each other and
with the core plasma line-averaged density we have attempted to find ways of varying the
divertor pressure, and thus the source of neutral leakage, independent of n,. Several methods
were developed for this purpose. Such an effect occurred in the experiments where the plasma
was limited on the inner wall. Shown in [ELgure ] are data from the 4 shots shown in [ELg_5] with
3 time points per shot. The lower (closed) divertor pressure [Eig.Zal is reduced by reduced
power flow into the divertor as the plasma becomes limited. But the midplane pressure
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isrelatively unaffected. The lower (open) port pressure measurement was not working for this
run, but in general, its pressureis 2-3 x lower (we will use 2.5) than the closed port for such
attached discharges. This data supplies us with away of estimating the contribution of divertor
leakage to the midplane pressure independent of main chamber contributions. We use the
profiles of m and core conditions to select time dices from with Pycr ~ constant from
limited to not-limited. The upper divertor pressure stays extremely low (~ 0.1 mTorr) and can be
neglected. So we can solve for the change in midplane pressure, APomid, in going from limited
to non-limited shots. Using Eq. 6, the terms from Py cr and Pyp drop out:

ARy vig =0 (AR (7)

where a = f [IRLA). We obtain a =.005-.0010, f =.33-.72 and the fraction of Pg mid due to
main chamber recycling, PMcR/Po,Mid, is ~ 74-87%.

We note that this estimation of PmcRr/Po,Mid, and those following, are not dependent on
knowing the values of f and R_a. They are absorbed into one fit parameter, a, which is then used
to determine Pycr = By vig —a R +8 [R,y). Thefactor of 8 istheratio of upper to lower
|leakage aperture areas.

3.2.3 Effect of changes in up-down divertor balance

A second method of varying the divertor pressure independent of the coreisto vary the
equilibrium from single-null x-point at the lower divertor to double-null (symmetric up-down x-
points). We track the variation in equilibrium using SSEP. Shown in [E.Qure are the upper
divertor, midplane and lower divertor (closed and open ports) pressures vs. SSEP, where
SSEP=0 denotes a double-null and negative values of SSEP correspond to the lower x-point
being dominant. The lower divertor pressure at an open port was typically ~ 40% that of the
lower, closed divertor pressure for these attached discharges. When SSEP is alarge negative
value the lower divertor pressures are much higher than that at the upper divertor. At the other
extreme, when the equilibrium is double-null, the two divertor pressures are closer. Ignoring
outlier points, the midplane pressure may be considered to increase dightly as SSEP approaches
0.

The variations in pressure as a function of SSEP shown in [ELQured provide atest for any
model of leakage. We can again utilize Eq. 6 (or 7) to estimate the various contributions to the
midplane pressure as SSEP changes, similar to what was done for the data of [Elg_4] We again
assume that since the core plasma parameters are being held constant, that the term due to PpcR
is held constant. Consequently, we find avalue of a ( and f) that fits the data, and solve for
PmMmcRr. The curvesin m show the result of fitting the pressure data from the divertors and the
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model prediction of the midplane pressure with the derived value of a =.002 ( f ~ 12.5%). The
contribution of main chamber recycling to the midplane pressure, PmMcr ~ 0.27 mTorr (PMCR
/Po,mid ~ 0.9). The gas valve puff rate was very low (actually off for the H-mode data)
compared to the fluxes involved here, ~ 20 Torr-I/sec (1.2x1021/sec) equivalent to 0.015 mTorr
contribution to the midplane pressure. The contribution of leakage out of the lower divertor is
also small, < 10% of Pg Mid.

3.2.4 Evolution of upper x-point discharge

Based on the results shown in [E.Qured discharges were programmed to take SSEP beyond
0 to achieve upper single-null dominant equilibria. Two discharges are shown in one
with SSEP varied from —15 mm to + 8 mm, the other with little SSEP variation for
reference. In addition, for these experiments, several Penning gauges were available, at locations
aong the outer wall as shown in [E.gure ] The plasmais formed limited on the inner wall,
becoming diverted at ~ 0.25 seconds. The density reaches an equilibrium value of 0.95 x 1020 m-
3 at 0.5 seconds, held constant thereafter by density feedback to the gas feed valve. As the
magnetic equilibrium becomes double-null (SSEP=0), the upper and lower divertor
(closed, [El@.01] pressures reach similar values as seen in [flaure 4] In addition, we find that the
outer wall pressures [E1q.0c-€] at the three poloidal locations appear to equalize as well, but at
lower values than either the upper or lower divertors. As SSEP isincreased still further, to a
dominant upper x-point, the upper divertor and outer wall (upper) pressures continue to increase
strongly. The midplane pressure increases by almost a factor of 2. Again, variation in the lower
divertor pressure has little effect on the midplane pressure. The lack of changesin the outer wall
(lower) pressure which is closest to the lower divertor could be due to its distance from an open
port (~ 18 degreestoroidally) or that its pressure is dominated by other sources (e.g. main
chamber recycling or leakage from the upper divertor). At the highest upper divertor pressures
there are signs of leakage from that divertor affecting the outer wall (upper) pressure and that at
the midplane.

We can apply the same neutral flux balance model given above (Eg. 6 or 7) to the data of
Elquredl The same values of o (~.002) & f (~12 %), give agood fit to the time variation in
outer wall (midplane) pressure due to neutral leakage out of the divertors. The resultant value of
PMCR increases (~.45 mTorr, ~ 0.9x Pg Mid) compared to the data of [E0] to reflect the
difference in main chamber recycling. The lower divertor contribution to the midplane pressure
isagain small (< 10% of PmcR), even for the highest lower divertor pressures shown in Figure
Bl The upper divertor leakage contribution risesto ~ 0.7-1.0x PmcR as the upper divertor
pressure rises.
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3.2.5 Effect of toroidal variation in leakage

The above experiments make changes in divertor |eakage that are essentially toroidally
uniform in nature. The pressure gauges are located at specific toroidal points [ELg_1R) Utilizing
the 10 toroidally equi-spaced divertor bypass valves we further explore the effect of divertor
leakage. [ELqure 1 shows the result of one discharge where the divertor bypass valves from three
toroidally-adjacent bypass locations (at —180, 180, 549, were opened and closed with
period 200 ms during plasmadischarges. The bypass valves are |ocated 1260 and 900 toroidally
from the midplane and upper divertor gauges respectively. One of the valves (-18 degrees) was at
the same toroidal location as the Penning gauges. The lower divertor (closed) gauge was located
toroidally between two valves (180 and 540). The plasma current is held constant and n, (Fig.
Isincreasing. Helium was utilized as the fuel gas for these experiments to eliminate the
uncertainty of the role of the wall as areservoir for neutrals. The bypass valve state does
correlate with changes in all gauges [EIQ10C-1] as well as 1,. During the period that the bypass
valves are opening or closing (~ 20 ms, shaded regions, thereis a prompt effect on the
outer wall (lower) Penning gauge [ELg_106e)l We attribute this to neutrals directly reaching the
gauge from the nearby bypass valves. The midplane gauges, the divertor gauges and n, show
similar, slower, changes indicative of neutrals being converted to ions before recycling elsewhere
around the torus. The small change in the outer wall (upper) gauge, under close examination,
potentially exhibits some of the same prompt effect as the outer wall (lower) gauge but the effect
isvery small.

An important aspect of the data shown above is that one of the bypass valvesislocated at the
same toroidal location as the outer wall Penning gauges. We also varied the location of the three
adjacent valves from near to the Penning gauges to far from them. [ELQure_L1a0l shows the effect
on n, and the Outer wall (lower) gauge for one valve cycle, including the case from [Elgure 10
(shown as asolid line) aswell as a case where the closest of the three valves was 72 degrees
away from the outer wall gauge (dashed line). When the bypass valves are farther away from the
gauge, the prompt effect on the outer wall (lower) gauge disappears and its change in pressure is
smaller relative to the increase in density. The results of varying the toroidal locations of valves
to still more locations is summarized in [Elaures L1c-dl The change in pressure measured at the
outer wall lower FLIc] and midplane gauges are plotted against the change in density
caused by the release of gas. The data are grouped by cases where the valves are located just by
the gauge (triangles) and for valves located 72-108 degrees away (circles). These results indicate
that only the region of the outer wall poloidally and toroidally near the outer divertor valveis
affected directly by neutral leakage. In addition, ~50% of the pressure rise on the outer wall
gauge near the bypass valvesis due to atoroidally uniform rise. We find ~ 20 degree e-folding
distance toroidally (~20 cm) for the prompt effect. The decay length poloidally is difficult to
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estimate but based on the change in outer wall (upper, ELQ_L1c] gauge relative to that of the outer
wall (lower, it appears to be of order 40-50 cm. Thus, neutrals leaking from the
divertor are converted to ions, travel around the torus and recycle in the main chamber near other
gauges. Thiswould explain the correlation of the slow time behavior between the gauges and the
core Nn,. There are several possible reasons for the apparent attenuation of neutrals trying to
travel toroidally and poloidally around the plasma: 1) interaction of released neutrals with the
plasmain the SOL; 2) differences in location between outer wall midplane (in alarge port
volume) and lower gauges (directly on the outer wall); and 3) differencesin response time
between the outer wall gauges at the midplane (~ 20 ms) and below the midplane (< 5 ms).

4. Discussion
4.1 Main chamber neutrals due to cross-field transport

Thereis substantial evidence that radial ion fluxes are significant in causing plasma
interaction with the main chamber surfacesin C-Mod. The inferred radial ion fluxes are
generally consistent in scaling and magnitude with measured midplane neutral pressures and
ionization sources [1,4]. The observed strong recycling (pressures and ionization light) at other
points poloidally would indicate that the midplane analysisis not an anomaly and that neutrals
are not just coming from the lower, or primary, divertor. In fact, it appears that recycling may be
stronger at points even farther from the lower divertor than the midplane.

Thereis other supporting evidence for radial ion fluxes. Nachtrieb found that the
concentrations of Het1 and Het2 in far SOL of C-Mod were roughly equal [28]. The electron
temperature and density at the measurement probe were too low to account for ionization of
helium in the local flux tube, therefore the helium isionized in a hotter region of the edge plasma
and is transported outward. A simple one-dimensional radial transport model reproduced the
observed values of charge state flux and density, but only if rapid cross-field transport was
included, increasing with distance from the separatrix. A constant cross-field diffusion
coefficient of order 2 m2/s and an outward convection velocity profile increasing to of order 100
m/sin the far scrape-off layer isimplied.

Far SOL transport and interaction with main chamber surfaces are not affected by the
transition from L- to H-mode. The effects are limited to the core and the near SOL. Since the
cross-field ion flux does not significantly change, the core density rises to be consistent with
reduced cross-field gradient lengths.

Strong radial ion fluxes would also be consistent with the results of limiting the plasma on
the inner wall [EL@_5Y The density in the outer midplane SOL (near and far) stays the same or
increases as the inner gap is reduced to zero. The cross-field ion transport could be competing
with parallel transport such that the effect of local obstacles is not communicated along field
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lines very far. One way to quantify the ‘strength’ of radial, compared to parallel, transport is to
determinea v needed for theion flux crossing agiven flux surface, I',;, to be equal to the

0,min

integral of the parallel ion flux flowing to the divertor from that flux surface on outwards:

B
Foi =NV i 27RL ~ nMcSBT—""'Z RA, @
~McA, /L

VD,min

We have approximated the integral of parallel fluxesby 2R A,. Assuming for the moment a
Mach number, M, of 1, thenin V; min CaN be compared to the v, [EQ-3C] obtained
from the continuity analysis. We see that the two profiles are very similar in magnitude and
shape such that the radial velocity is high enough to compete with Mach 1 flow. If, as
experimental data from the vertical scanning probe at the entrance of the divertor has shown [4],
that flow is more in the range of M=0.1, then radial fluxes are more likely to be dominant.

We believe that the strong radial transport in the far SOL is convective in nature. [ELQure 2a1
illustrates the minimal gradientsin the far SOL. Teis roughly constant in the 5-10 eV range
beyond the limiter. The density profile in the far SOL can be fairly flat at the higher densities as
well. Thus, in regions lacking gradientsin density (far SOL) or Te (shadow of alimiter) power is
being transported across the magnetic field, enough to sustain the plasma there against parallel
conduction as well as the cost of ionizing neutrals. That is evidence of convected power.

Anindirect effect of main chamber recycling is that impurity sources are created on surfaces
close to the plasma core. Such impurity sources have a higher probability of reaching the plasma
core than impurities originating in the divertor [29,30]. Better determination of the locations of
main chamber recycling and impurity sources are needed.

4.2 Main chamber neutrals due to neutral leakage

A simple model, embodied in Eq. 6, was applied to awide variety of data. The results were
fairly consistent in the determination that main chamber recycling is the main contributor to the
midplane pressure. Vaues of the fraction of the midplane pressure supplied by main chamber
recycling range from 70 — 90%. Based on our limited data set we cannot determine if the
variation in relative contributions of leakage and main chamber recycling to the midplane
pressure is significantly dependent on plasma conditions.

We are naturally cautious of putting too much credence in the results of applying the simple
flux balance model (Eqg. 6 and 7). However, even simpler arguments imply that it the results of
its application are reasonable. For example, let us return to the data of [ELg_0] For lower-null
discharges the pressure in the upper divertor isrealy just another wall pressure measurement,
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but located at the top of the vessel. The data indicates that the pressure in that region is higher
than at the midplane. So, since we know that this pressure is not due to lower divertor leakage it
is apparent that main chamber recycling can generate neutral pressures in excess of that at the
midplane. Furthermore, the contribution to the midplane pressure from the lower divertor
leakage and transmission from the upper vessel appear of similar magnitude. Thus, any
additional recycling at the outer half of the vessel will just increase the contribution of main
chamber recycling to the midplane pressure above the maximum leakage from the lower
divertor.

We can find further guidance on the validity of the results of applying Eqg. 6 and 7 by
revisiting the data of [Elg_7J Thistime let us assume that there is no main chamber recycling
when the plasmais diverted. Then, we see when the separatrix is shifted against the inner wall,
that the divertor pressure (and leakage) drops by about afactor of four. The midplane pressureis
essentially unchanged (some cases it drops dlightly, othersit rises) implying that main chamber
recycling must change from nothing to PMcRr/Po,mid ~ 0.75! Thisimplies that main chamber
recycling must exist and probably at levels approaching PmcRr/Po,mid ~ 0.75.

One possible problem inherent in these studies is that the divertor pressure gauges are
somehow not indicative of the pressure in the divertor region. The divertor gauges are located
outside the vessel in avertical port. If, perhaps because of the proximity to where the neutrals are
generated, the neutral temperature in the region behind the divertor platesis significantly higher
than that at the pressure gauge, the predicted fluxes would be too high by (Thot/Tcold)Y/2. We
have evidence that this effect is not large. An ionization gauge was located in aregion fairly
close to the leakage aperture, in the lower divertor open port, for several run periods. It registered
the same ratio of open port to close port pressure as we currently observe with a pressure gauge
much farther away, down the open port [31].

Another possible concern is that there is some reduction in leakage conductance from its free
molecular value. This could be due to ionization, charge-exchange or elastic scattering
interactions (We note that ionization would not provide a mechanism to enhance the pressure. It
can only reduce the flux). But in this case these interactions would occur in the region between
where the neutrals are generated and where they escape into the SOL. For example, at both the
upper and lower divertors, the port (where the gauge is) is connected to the leakage aperture by a
square cross-section ‘pipe’ of length ~ 25 cm. Three of the 4 sides of the pipe are metal (2 sides
being the gussets described in [ELl@_1] The third s the wall of the vessel), with the fourth side
being dense plasma (when that divertor is being utilized). Neutral-plasma interactions are
allowed along one side of that ‘pipe’ thus possibly reducing the neutral flux along its length.

There are other reasons to suspect that the conductances based on free molecular flow are
too large. As estimated earlier in this paper, the total leakage out of the open lower divertor ports
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is of the same order as theion flux to the outer divertor plate. Since any such leaked neutral must
return to the plate thisimplies that ion flux back into the throat of the divertor would be of
similar magnitude as the ion flux to the outer divertor. Based on SOL profiles of ne and Te, such
high ion fluxes would require parallel flow Mach numbers of ~ 0.5 [27]. Thisis not observed by
the vertical scanning probe above the outer divertor plate, near the entrance to the divertor
(M~0.1). One way to make these observations consistent is if the loop formed by escaping
neutrals being ionized and returning to the divertor is closer to the divertor than the probe. This
would mean that neutrals are not making it to the midplane. A second possibility is, as described
above, that the flux is being reduced due to neutral-plasma interactions on the way to the
aperture. Any reduction in conductance would show up in Eq. 6 as areduction in transmission, f.

The same concern about the magnitude of leakage flows is even more important for the
upper divertor. There the free molecular flow conductance is 8x higher, and for the maximum
pressures we have measured there, correspond to neutral fluxesthat are 2-4 x higher than the
total ion flux to the lower divertor. It is possible that the ion fluxes to the upper divertor are much
larger than that arriving at the lower divertor (We do not measure the ion flux to the upper
divertor plates). But we think that unlikely. Rather, as stated above, the effective conductance out
of the divertor is probably smaller than that predicted by free molecular flow. Any such
conclusion would apply to both the bottom and top divertors because of similar conductance
geometries.

In the analyses using flux balance model (Eq. 6 and 7) we tended to treat the parameter, f, as
an interim quantity, not as a physical quantity worth much attention. f was described as the
probability of afree-streaming neutral reaching the midplane after escaping from a divertor.
Values of f ranged from 0.1 —0.72. Inreality f probably includes other effects such asthe
validity of either using free-streaming molecular flow for conductance or the gauge pressures as
discussed above. On the other hand, a second set of experiments, where the toroidal location of
the divertor bypass valves were varied, alowed us to estimate the toroidal and poloidal
attenuation of neutrals released from the lower divertor. If the poloidal attenuation lengths are
really of order the distance from the divertor to the midplane then we would expect values of f
near 1/e, avaluein the middie of the flux balance predictions of transmission probability.

The achievement of pressuresin the upper divertor approaching that of the lower divertor is
surprising. But if 90% of the leaked neutrals don’t reach the midplane then it islikely that they
areionized and return to the divertor, leading to a high-recycling condition even in the open
upper divertor. The SOL plasma outside the upper divertor takes the place of the mechanically
closed structure of the lower divertor. The attenuation process requires in-depth neutral and
plasma modelling.

TCM meeting on divertor concepts Page 17



Are there advantages to using a closed vs. open divertor? Both the open and closed divertors
contain neutrals well enough to sustain similar neutral pressures. The primary advantage of the
lower divertor in this areaisthat its effect on the midplane pressure is even smaller compared to
the background level of main chamber recycling. There are, of course, other advantages to using
aclosed divertor. These have to do with alarger plasma surface contact area reducing the peak
heat flux and forcing the initial trajectory of impurity neutrals to point away from the core. The
advantages of a divertor over the limiter configuration with respect to neutrals may have been
compromised by both leaks and by recycling in the main chamber. Better understanding of and
ability to predict radia transport will allow the ability to predict the performance of future
divertor designs.

It is not clear how applicable these results are to other variations in divertor geometry. Our
primary concern is that the location of the divertor |leakage pathway may be very important in
determining its effect. For example, the closer the leakage outlet is to the midplane and the
farther it isfrom the SOL plasma, the larger effect it will have.

6. Summary
The results of a series of experiments aimed at better quantifying the relative contribution of

divertor leakage and radial ion transport on neutral pressures surrounding the core are described.
We find that cross-field transport competes with, or dominates, parallel transport in such away
that plasma exists far out in the SOL shadow, thus leading to recycling. Changing the core
transport from L- to H-mode leads to little or no effect on the far SOL indicating that the flux to
the walls has not changed, just the gradients at the separatrix and the density in the core.

The recycling in the main chamber due to cross-field transport appears to be an important
source for neutrals for lower divertor operation. Estimates of the contribution of lower divertor
leakage to the midplane pressure range from 10-30%. At this time we do not know whether the
relative contributions to the main chamber pressure by main chamber recycling and lower
divertor leakage vary with operating conditions. The leakage out of the upper divertor is much
higher than from the lower divertor. Even so, we find its contribution to the midplane pressure to
be similar to that of main chamber recycling.

The results presented lead us to suspect two possible reductions in neutral fluxes before they
reach the midplane: 1) the flux out of the divertor itself (based on areas and pressures measured
in aport) are lower than asimple, free molecular flow estimate; and 2) neutrals traveling towards
the midplane are being redirected away from the midplane through ionization, charge-exchange
or elastic scattering. The latter attenuation would explain the observed toroidal and poloidal e
folding lengths for the escaping neutrals of ~ 50 and 20 cm respectively. The importance of
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neutral leakage might be significantly altered if the location where neutrals escape into the main
chamber were located farther from the plasma, allowing easier passage around the plasma.

The open divertor can compete with the more closed lower divertor in compressing neutrals
in the divertor. But in other aspectsit fails to be competitive - minimization of neutral leakage
and the geometrical aspects of heat reduction.
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Figure captions:

Figure 1: Poloidal (@) and toroidal cross-section of Alcator C-Mod the lower closed divertor and
open upper divertor. Baratron capacitance manometer pressure gauges are located in the vertical
ports at locations 1,9 and 10. A shielded Bayard-Alpert gaugeis at location 5 in a horizontal port.
Penning gauges are attached the wall of the vessel at locations 3 & 6. Scanning probes are
inserted horizontally (4) and vertically (7). Divertor bypass valves are located at 10 points
poloidally (8). Two thin (~ 1cm toroidal extent) plates/gussets are located on either side of each
of 10 vertical ports with protection tiles on each edge (2).

Figure 2: SOL parameters and the effect of increasing n,. @) ne profiles; b) Te profiles; c) scaling
of theinferred radia ion flux density at the limiter radius, I vs. midplane pressure (lower
axis) and equivalent radia influx of neutrals (upper axis).

O,lim?

Figure 3: Effect of transition from L- (open circles) to H-mode (closed circles) on the SOL. @) ne
profile; b) Te profile; c) Vv profile; and d) V5 i, ~ MCsAy /L. Thelocation of thelimiter is
given by the vertical shaded region.

Figure 4: Scaling of the density at the limiter radius, nelim (@), I 5, (b), and midplane pressure
(c, location 5in Figure 1) vs. n,. L-mode (open circles) and H-mode (closed circles) are shown.
The H-mode discharges have the same far SOL parameters as the L-mode discharges from which
they arose.

Figure 5: The effect of shifting a diverted discharge against the inner wall. The gaps between the
separatrix and the inner wall and outer limiters are given in the figure.

Figure 6: Scaling of outer wall (midplane) pressure vs. various divertor pressures during lower x-
point, 800 kA, L-mode discharges. a) Lower divertor (closed); b) lower divertor (open port); and
¢) open upper divertor. Detached plasmas are shown as filled symbols. Fits to the various data
sets are shown as lines.

Figure 7: Effect of limiting the plasma on the divertor and outer wall (midplane) pressures. The
data are from the same discharges as Fig. 5.

Figure 8: Utilization of the first to second separatrix gap (SSEP) to change the divertor pressures
and the resultant effect on the outer wall (midplane) pressure. SSEP is varied from discharge to
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discharge. L- and H-mode cases are included. The divertor pressures have been fit (lines through
data) and the used as input to the model of Eq. 6 with the resultant prediction of the midplane
pressure (line through data).

Figure 9: The effect of an SSEP scan in one shot from single null at the lower divertor (SSEP <
0) to single-null at the upper divertor (SSEP > 0) is given by the solid line. A reference case with
the standard single-null at the lower divertor is also shown (dashed line).

Figure 10: Three divertor bypass valves (toroidal locations—189, +189, +549) are opened and
closed with ~ 200 msfull period. The period when the bypass valves are opened or closed is
shaded and marked in b). The relative toroidal locations of the valves and gauges are given in
Fig. 1b).

Figure 11: Summary of the results from discharges where the toroidal location of the 3 bypass
valvesisvaried. The data are divided into two cases — bypass valves opened near the outer wall
(lower) gauge (solid lines and circles) and far from that gauge (dashed lines and triangles). a)
changein n, vs. time; b) change in outer wall (lower) pressure vs. time; ¢) change in outer wall

(lower) pressure vs. change in n,; and d) change in outer wall (lower) pressure vs. changein ..
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