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Observations of cold, high density plasma in the private flux
region of the Alcator C-Mod divertor
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Abstract

Significant plasma density has been observed in the private flux zone of the Alcator C-Mod tokamak. The behavior
of the D, emission profiles is consistent with the source of the plasma being due to an E x B drift generated by a
poloidal temperature gradient. The plasma flux due to this drift is derived and evaluated. A plasma flux into the private
flux zone is inferred by measurements of volumetric recombination using a tangentially viewing CCD camera and
several spectroscopic views observing the high n-lines of the D® Balmer series. For the case of an attached divertor the
inferred plasma flux to the PFZ has a linear scaling with respect to plasma pressure, as is expected from the temper-
ature-gradient-induced, E x B drift. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Alcator C-Mod is a high magnetic field, high density,
compact tokamak, with a parallel heat flux to the di-
vertor as high as 600 MWm™2 [1]. The tokamak is op-
erated in a single lower null magnetic configuration. The
data presented here are from a series of experiments
where argon and krypton were puffed into the vacuum
vessel early in the discharge. In all of these shots the
density was raised during the discharge (typically
e = 1.0 — 2.5 x 10*® m~3). The inner leg of the divertor
for these shots is nearly always detached. The outer di-
vertor leg progresses through attached and then in-
creasingly detached conditions (the radiation front
moves from the divertor plate to the x-point). The as-
sessment of detached conditions is made by a compari-
son of pressures from a reciprocating probe scanning
the main plasma scrape-off-layer (SOL) and Langmuir
probes which are flush-mounted in the divertor plates [2].

Deuterium line radiation, specifically D, (n =5 — 2
transition), has been observed to be emitting from the
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private flux zone (PFZ) during diverted operation. The
PFZ is the region below the x-point and bounded by the
separatix and the vacuum vessel in Fig. 2. Typically,
strong D, emission in the divertor region has been as-
sociated with detached divertor operation. D, emission
along with other spectroscopic data are used to measure
the volumetric recombination [3-7].

2. Diagnostics

Three diagnostics were used to obtain the informa-
tion used in the analysis of the PFZ plasma. The first
diagnostic is a set of flush-mounted Langmuir probes on
the outer and inner divertor plates [2]. The Langmuir
probes are used to determine plasma density and tem-
perature in both the common flux zone (CFZ) and the
PFZ at the divertor plates. The locations of the probes
are shown in Fig. 1 by gray triangles.

The second diagnostic used is a CCD camera filtered
for D, emission and viewing the entire divertor tan-
gentially. Calibrated brightness images recorded by the
camera are inverted using tomography and the as-
sumption of the toroidal symmetry of D, emission to
yield 2D emission profiles. The profiles are found to be
in agreement with the chord-integrated D, measurements
made by the visible spectrometer.
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Fig. 1. The gray triangles are the locations of the flush-
mounted probes and the straight lines are the chordal views of
the visible spectrometer.

The third diagnostic is a visible spectrometer with
multiple views of the divertor. The chordal views used in
the visible spectrometer are shown in Fig. 1. The spec-
trometer is used to measure the temperature and density
of the plasma in the regions of brightest emission. The
density is determined by measuring the Stark broaden-
ing of the p = 6,7,8 — 2 deuterium lines where p is the
principle quantum. The temperature is determined by
using the knowledge that the population densities of
deuterium atoms with energy levels greater than p =5
are in Saha equilibrium and therefore have the temper-
ature dependent distribution of

2
P 13.6
ooz (157) a

where n,, is the population density of electrons in level p
and T, is the electron temperature in eV [8§].

The spectral data recorded by a visible spectrometer
are line integrations through different divertor regions.
The temperature and density measurements can be
spatially localized by recognizing that most of the line
integrated brightness comes from the region where the
emission is greatest. Thus, the distribution of the emis-
sion determines how well localized the measurement is.
For brevity the chordal measured n. and 7. have been
attributed to the peak in the emission along the viewing
chord. Terry et al. [9] discusses and defines the number
of recombinations per D, photon concept that is used
here to determine the rate of volume recombination. The
recombinations per D, photon curves show a strong
temperature dependence to 7, for 7, < 0.8 eV, but a less
than linear dependence upon n,.

Using the D, emission profile from Fig. 2, the tem-
perature and density measurements from the visible
spectrometer, and the recombinations per D, photon
curves, the recombinations per unit volume per unit time
has been measured and summed over the PFZ volume
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Fig. 2. Four D, emission profiles as the 7. increases (a)
e = 1.16 x 10* m™3, (b) 7, = 1.166 x 10 m=3, (c) detach-
ment starts, 77, = 1.86 x 10® m~3, and (d) expanded detach-
ment front 7z, = 2.30 x 10* m—3.

only. Therefore the total recombinations in the PFZ are
determined as a function of time. (With a total recom-
bination rate of ~10?* particles per second, a plasma
density of ~10?! m~3, and an approximate volume of the
recombining region of the PFZ of ~5 x 1073 m3, the
effective recombination rate coefficient in the PFZ
is ~2x 107" m s~!. Which agrees with a plasma at
~1 eV, the temperature typically measured in the PFZ.)
If we assume that all of the plasma particles that enter
the PFZ volumetrically recombine, we can relate this
measurement to the total plasma particle current into
the PFZ.

3. Observations

As the density is increased, four distinct D, profile
distributions are observed. These are shown in Fig. 2.
The first, Fig. 2(a), occurs when the density is low and
the inner nose is completely detached. There is only D,
emission on the inner nose, with no emission in the
PFZ or along the outer leg. The second, Fig. 2(b), is at
a somewhat higher density and shows that the emission
on the outer nose is decreased and a significant amount
of emission comes from the PFZ, with still no emission
in the CFZ of the outer leg. The third case, Fig. 2(c), is
the initially detached case where the outer leg CFZ has
a small but intense region of emission located at the
strikepoint, and the PFZ emission has decreased
somewhat from Fig. 2(b). In this case the inner nose
emission chages very little when compared to Fig. 2(b).
The final case, Fig. 2(d), shows a region of detachment
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extending along the outer divertor leg, All of the
measured D, emission is on the outer leg extending to
the x-point. The black contour in Fig. 2 indicate the
separatrix.

4. Derivation of radial drift

We hypothesize that the flux of plasma into the PFZ
is due to a drift generated by a temperature gradient in
the poloidal direction. This drift has been discussed in
previous articles [10—13] to explain the in/out asymmetry
of tokamak divertors. A brief derivation of the radial
drift is given below.

From the momentum conservation equation from
Braginskii [14],

dd,
Mele — =

5= VP - en.(E + 7, x B) + R. 2)

By neglecting the electron inertia term (m, — 0) and
assuming a scalar pressure, Eq. (2) is reduced to

0=—Vp. —en(E +7, x B) +R, (3)
where
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is the momentum exchange term due to friction between
the two species for a hydrogenic plasma, b the unit
vector parallel to the magnetic field, i = ¥, — ¥, w. the
electron cyclotron frequency, and . is the inverse elec-
tron-ion collision frequency. Fig. 3 shows the coordi-
nate system used for this analysis. The s-direction is

Fig. 3. Coordinate system used in the derivation of the thermo-
electric radial drift.

parallel to the magnetic field, w-direction is perpendic-
ular to the magnetic field but on the flux surface, and the
r-direction is normal to the magnetic flux surface. The
toroidal component of Egs. (3) and (4) with the as-
sumption of toroidal symmetry (0/0¢ = 0) is

B
0= —en.Ey + encveBy — Melte uy + 0.49% —(bux
Te 7. B
B, oT. 3B oT.
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where ¢ represents the toroidal direction and 0 repre-
sents the poloidal direction. Solving Eq. (5) for v, yields
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where Jy = —en.uy. u; and the temperature gradient can

be reduced to toroidal and poloidal projections using
toroidal symmetry and the assumption that there is
no poloidal current in this region (uy = 0). Therefore
Eq. (6) can be written as

E e 1
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where o = (1 + Bj/Bj) and [, is the distance on a flux
surface in the poloidal direction. Since, o = 1,
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A similar derivation can be done for the ions and yields
the same result.

Of the four terms in Eq. (8) the third term is domi-
nant. The toroidal electric field and current contribu-
tions should nearly cancel. For the fourth term to be on
the order of the third the radial temperature gradient
must be ~210° times steeper than the poloidal tempera-
ture gradient. As will be seen, in the cases of interest it is
typically only 10 times higher. Therefore the radial drift
is dominant and will be dealt with exclusively

1 oI,
or 2 0.71 — —. 9
R €B¢ 610 ( )

This means that the existence of a poloidal temper-
ature gradient on the outer leg from the x-point to the
strikepoint leads to a radially inward drift of plasma into
the PFZ.



C.J. Boswell et al. | Journal of Nuclear Materials 290-293 (2001) 556-560 559

5. Qualitative analysis

The agreement between the hypothesis that the drift
is due to poloidal temperature gradient and the obser-
vations can be seen beginning with the first case, Fig.
2(a), where the inner nose is detached and the outer nose
is attached. The temperature gradient is shallow
(50 — 25 eV) and the density is low enough along the
outer leg create only a weak flux of particles (~10%
particles s7') entering the PFZ. With this weak flux of
particles the density in the PFZ cannot rise to the level
required for volumetric recombination to be evident by
strong D, emission, and no D, emission is seen. In the
second case, Fig. 2(b), can be described as high-recy-
cling; pressure is constant on a flux surface but, not
poloidal density and temperature. Therefore there
should be plasma in the PFZ, and it is observed. The
third case, Fig. 2(c), is the partially detached case. Here
the pressure is not constant, but modeling shows that the
gradients still exist below the x-point to the detachment
front [15]. In such a case, it is expected that the plasma
will flow into the PFZ only above this sharp gradient
region and not below it. This is what is observed in Fig.
2(c). In last case, Fig. 2(d), the region of sharp temper-
ature gradient has moved all the way to the x-point.
There is only a shadow gradient along the outer leg. This
yields no flow from the outer leg into the PFZ. Instead,
in this case the poloidal gradient will drive a flow into
the core directly above the x-point. As the density in-
creases, the flux into the core above the x-point in-
creases, and a cold MARFE forms above the x-point
eventually leading to a disruption. This is seen on
Alcator C-Mod [6,7].

The distribution of the D, emission does not agree
with the possibility of perpendicular diffusion being the
dominant mechanism fueling the PFZ. If diffusion was
the main cause of particle flux into the PFZ one would
expect the particle flux to increase when the divertor
detachment is extended to the x-point due to the large
perpendicular density gradient formed on the outer leg.
This is not observed and therefore cross-field diffusion is
not considered to be the dominant mechanism.

6. Quantitative analysis

The total number of particles per second that drift
into the private flux region is

I :/neverdA, (10)

where [---d4 is the integral over the total area of the
outer leg. By substituting Eq. (9) into Eq. (10) and rec-
ognizing that in a tokamak B, = ByRy/R, where B, and
Ry are the magnetic field and radial position of the center

of the main plasma, the particle current into the PFZ
can be written as
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where sp is the strikepoint, and x is the x-point. In the
attached case (Op./0s = 0) this integral can be approxi-
mated as

1.42nR?p, T,
foom TP (D (12)
eByRy Ty

assuming the variation in R? is small enough to remove it
from inside the integral.

Using the assumption that all plasma particles that
enter the PFZ volumetrically recombine in the PFZ and
using the approximations that yielded Eq. (12), the re-
lation between the PFZ recombination rate and the
particle current into the PFZ is

aNe)
~ Ppe, (13)
( ot recomb
where
2
ﬂ:1.42nR * In L . (14)
eBoRy Ty

Fig. 4 shows the comparison of the PFZ recombi-
nation rate as a function of peak plasma pressure on the
outer leg for the discharge shown in Fig. 2. The linear
dependence is what is expected from Eq. (13).

The line shown in Fig. 4 is a linear regression fit of
the data. This yields a slope of 6.3 x 10'® recombina-
tions s~! Pa~! with an R? value of 0.826. Given that

=~ 10 -
[72]
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Fig. 4. A plot of the PFZ recombination rate as a function of
the peak electron pressure on the outer leg when the outer leg
was attached for the shot in Fig. 2.
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R~06m, B=54T, and Ry=0.67m and if
In (1}/Tsp) ~ 2.25 then, the slope is the same as pre-
dicted from Eq. (14).

7. Discussion and summary

D, emission shows the existence of plasma in the
private flux zone of the Alcator C-Mod tokamak. Using
spectroscopic measurement we observe that there is a
significant recombination rate in this region, which is
likely fed by cross-field transport from across the sep-
aratrix. From Braginskii’s equations, a radial drift is
derived to explain the behavior of the PFZ plasma. The
dominant drift is due to a poloidal temperature gradi-
ent.This mechanism for the flux into the PFZ is consis-
tent with the observed behavior of the plasma.

In the attached case the flux into the PFZ is linear
with the plasma pressure and logarithmic with respect to
the ratio of x-point temperature to temperature at the
divertor plate. This linear behavior is observed and
verified on Alcator-C-Mod.

As the line averaged density is increased the outer
divertor leg becomes leg becomes detached and a sharp
poloidal temperature gradient is located at or slightly
above the x-point, thus reducing the flow into the PFZ.
As the density is increased further plasma flows into the
x-point from the CFZ due to the local temperature
gradient. This cools the plasma on the closed flux sur-
faces enough to generate an x-point MARFE, which
subsequently leads to disruption. This has been observed
on the Alcator C-Mod tokamark [6,7].
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