Available online at www.sciencedirect.com

SCIENCE‘CﬁDIHECT®

journal of
nuclear

LSEVIE Journal of Nuclear Materials 337-339 (2005) 286-290 malerlals
www.elsevier.com/locate/jnucmat
Spectroscopic measurements of plasma flow
in the SOL in C-Mod
K. Marr *, B. Lipschultz, B. LaBombard, J.L. Terry
MIT Plasma Science and Fusion Center, 167 Albany Street #216, Cambridge, MA 02139, USA
Abstract

We evaluate the limits of the spectroscopic measurement of scrape-off layer flows utilizing Hell excitation emission
(486.6nm) in the inboard, high-field, scrape-off region. Velocities are inferred from the Doppler shift of the Hell emis-
sion line for lower and upper single-null discharges, exhibiting differences of up to 20km/s between the two. Unfortu-
nately at high temperatures (>30¢eV), the short ionization time, compared to momentum transfer times, makes the
interpretation difficult for those plasma regimes. The inferred variations of plasma flows near the inner wall correlates
with Langmuir Mach probe measurements in its dependence on magnetic topology. However the flow magnitudes are
different. The discrepancy between probe and spectroscopic measurements is likely due a combination of two effects: the
magnitude of gas injection needed to achieve a reasonable signal is found to be too perturbative and loss of high-energy

He ions from the viewing volume.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Plasma flows are the focus of intense scrutiny in toka-
mak devices. To understand the mechanism(s) that
drives these flows and how they might affect plasma per-
formance, we must be able to measure accurately the
flows in both the core and the scrape-off layer (SOL).
Plasma flows and flow shear are likely related to the
local electric field and affect the core confinement by
affecting the pedestal parameters. Recent results from
C-Mod [1,2] indicate that SOL flows may be coupling
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to the core and thus affecting the power threshold for
transition to H-mode. These flows also play a role in
impurity transport in the SOL; many experiments have
documented flow of C to the inner divertor and the build-
up of C layers and trapping of H/D/T there [3].

Gas plume measurements have established that at the
inboard midplane SOL in Alcator C-Mod, the plasma
flow is primarily along the field [4]. Measurements of
flow velocities using charge-exchange recombination
spectroscopy (CXRS) and an energetic neutral beam
are fairly standard but restricted to the outside half of
tokamak plasmas (see for example, Ref. [5]).

Here we attempt to provide an independent exami-
nation of the flow along field lines in the inboard SOL
region by making spatially localized measurements of
Doppler shifted Hell Paschen-o line (3-4) emission.
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Field has obtained poloidal velocities using line-integral
measurements of the Hell, BIV, and CIII lines [6].
Doppler measurements of parallel flow, localized by a
gas-puff, of D, [7] and Hell line [8] have been made pre-
viously on C-Mod. However, measurement limitations
were not fully addressed. Simpler than the standard
CXRS technique, our method can be used for inboard
measurements. The measurements are made by puffing
neutral helium from a local nozzle and then recording
the excitation emission. The Doppler shift of the emitted
line leads directly to a measurement of the velocity of
the emitting He" projected along the line-of-sight. The
temperature of the emitting ions can also be com-
puted through the thermal broadening of the emission
spectra.

The flow measurements are from a variety of L-mode
and H-mode, deuterium discharges for a range in plas-
ma densities. Most discharges included RF heating.

2. Experiment setup and analysis method

The scrape-off layer in the Alcator C-MOD tokamak
is defined as those magnetic field surfaces outside of the
separatrix (last closed flux surface). An in-vessel tele-
scope and fiber optic array are employed to observe
the inboard midplane of the SOL. Six fibers view parallel
to the local magnetic field through the inboard SOL (see
Fig. 1). The chord spot size of each individual fiber is
3.75mm with tangency points on the inner SOL sepa-
rated ~4mm in major radius. A top—down view of the
region of interest is shown in Fig. 1.

He gas is puffed from a tube embedded in the inner
wall and oriented with its axis normal to the wall, i.e.
perpendicular to the viewing chords. This ‘crossed-beam’
geometry localizes the emission toroidally and obviates
the need for any spatial inversion of signals to obtain
a radial profile [9]. The location of the gas puff tube is
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Fig. 1. Diagram showing the location of the Inboard SOL
viewing array. Also shown are the locations of the gas puff and
scanning probe.

also shown in Fig. 1. For this experiment, neutral helium
was injected, but alternate gases will be discussed below
for use in future work.

A Chromex f/4, 0.25m, Czerny-Turner, 3-grating
spectrometer was used to disperse the emission spectra
across a 1242 pixel (in wavelength) x 16 input CCD.
The 1200line/mm grating, used for this study, provides
a range of ~70nm on the CCD. Typically, the camera
was read out every 58 ms. Such a short focal length spec-
trometer is not optimized for Doppler velocity measure-
ments but was used in this work to decide if further
efforts were warranted. Doppler 7; measurements were
obtained from the fits but imprecise instrumental func-
tions rendered them very uncertain and they are not
the subject of this paper. A Zinc calibration lamp was
utilized to provide reference lines (nearest at
468.014nm) for wavelength calibration, dispersion, and
the instrumental line shape. During the discharges one
of the sixteen spectrograph inputs (or ‘views’) was dedi-
cated to the Zinc lamp thus providing constant reference
lines and wavelength calibration for that view (and
therefore for all views using a relative view-to-view
wavelength calibration). We also checked the relative
calibration of the various views by comparing inferred
velocities when all views were inside the separatrix, their
viewing location varying with respect to the separatrix
both during a discharge and from discharge to
discharge.

The helium line at 468.475nm was chosen because it
is one of the strongest lines in the range we can measure.
Because the viewing chords are nearly parallel to the
magnetic field, the emission spectrum is Zeeman split
primarily into two equal components (o) flanking the
B =0 emission wavelength. Emissions from the outer-
wall portions of the viewing chord and the fact that
the view is not perfectly parallel to the magnetic field re-
sult in a small central component (7) at the emission
wavelength completing the familiar Zeeman triplet. It
has been shown that the Zeeman splitting can be fairly
well approximated by a simple relation dependent only
upon the strength of the magnetic field [10]. For helium
the splitting is given by 4 =B (nm) where 4 is the
wavelength difference between the peaks of the two o
components, o = 0.0205206 nm/T and B is the local mag-
netic field. (Generally B = 5.3T on axis; R, = 67.0cm.)
We fit the emission spectra with an instrumental func-
tion convolved with a Gaussian for each of the Zeeman
triplet components. During the fit, these three compo-
nents are then allowed to shift as a whole (retaining
the splitting defined above) and simultaneously broaden
to mimic the Doppler effects due to heating and bulk
flow. The height of the central component is allowed
to change with respect to the side components. We have
classified fits with the central peak intensity at 10-20% of
its possible maximum (twice as tall as the side compo-
nents when viewed perpendicularly to B) as ‘good’ fits.
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3. Experimental results

A useful way to classify the data collected is by the
shape of the plasma magnetic equilibrium flux surfaces.
Three types of plasma magnetic equilibria were utilized:
lower single-, double-, and upper single-nulls (LSN, DN,
and USN respectively). The last closed flux surface or
separatrix will be designated the ‘primary’ separatrix.
Its corresponding dominant x-point is closest to the
lower (upper) divertor for LSN (USN) plasmas. Further
out in the SOL there is a secondary separatrix with an x-
point near the opposite divertor. For a double-null equi-
librium the two x-points are essentially on the same flux
surface, the primary separatrix, one near each divertor.
The distance between the separatrices associated with
the upper and lower x-points, measured at the outer
midplane, is the definition of ssep (another name used
is drsep). Due to uncertainty in the magnetic equilibrium
analysis we define a range for DN discharges of
|ssep| <3 mm. Thus an LSN (USN) discharge has an
ssep less (greater) than this range. All three configura-
tions have B x VB pointing towards the lower divertor
for these experiments.

We now consider three discharges to illustrate the ef-
fect of the magnetic topology on the measured flows. We
have selected one discharge for each null configuration,
all similar in density to reduce the number of variables.
Fig. 2 presents an overview of the effect of magnetic
topology on parallel velocity. The data is taken from a
view close to the inner wall and outside the separatrix.
Certain features should be noted. Lower single-null data
shows the most positive velocities. Positive in this sense
is defined as co-current, which is clockwise when viewed
from above. As ssep is increased into the double-null re-
gime, we can see a rapid shift towards faster velocities.
The upper single-null data falls in the middle of the
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Fig. 2. Typical effect of changing ssep on the velocity for three
discharges. Varying the distance between the two separatrices
(ssep) causes significant differences in the measured velocity.
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Fig. 3. Velocity vs. distance from the separatrix for the
discharges of Fig. 2.

range of velocities experienced by the double null sweep.
(The double-null data was obtained by varying ssep dur-
ing a single shot.) The total range covered by the veloc-
ities is approximately —5km/s to —35km/s.

Fig. 3 shows an inboard SOL velocity profile using
five of the six inboard views. (The sixth view signal
was too low.) Again it is seen that the lower single-null
data (circles) have the most positive velocity for any ra-
dial position. None of the data is positive, the relevance
of which, with respect to other measurements, will be
discussed below. Error bars of at least 2km/s are esti-
mated for the data.

We have compared velocities inferred with and with-
out RF, and during L- and H-modes. There do not
appear to be significant differences among them leaving
magnetic topology as the dominant factor. At the tran-
sition from L- to H-mode we do observe a temporary
(~50ms) drop in SOL flow velocities near the wall of
up to Skm/s.

4. Modeling the emission spectra

Because we are injecting gas into the plasma the ther-
mal and momentum equilibration times and the ioniza-
tion time are key parameters. If the injected atoms are
ionized too quickly they will not have time to equilibrate
to the background plasma before emitting. The bulk
velocity inferred from this situation would therefore be
different from the background plasma velocity.

We are able to characterize the ionization and equil-
ibration times by using the following thermal and momen-
tum exchange rates, vy, and Viyomentum [11,12], and the
ionization rate, viop.

7272 1/2 -3
Vi 2 1.95 x 10*'2% — 69 x 10*'3”(”’—)3/25l
T, (T(eV))
3
Vmomentum = thha Vion = n(m_3)sion(Te)> (1)
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where subscript 1 indicates the background ions and 2
the impurity ‘test particles’, n and T the background
plasma density and temperature (7; = 7, assumed), In
A = 14 has been used, Z is the charge number, u is the
atomic mass, and S;,, is the He" ionization rate [13].
The approximation that the test particle is colder and
more massive than the background ions (75/u, < Ty/
11) is used to arrive at the limit expressed by Eq. (1).
The momentum equilibration rate does not have the
same scaling as for thermalization but it can be approx-
imated as shown for this plasma parameter range.

A comparison of equilibration times can be found in
Table 1. The temperatures and densities used are
roughly matched to that found in the SOL using the
inner wall scanning probe [2]. Acknowledging uncertain-
ties in the rates and conditions (e.g. 7; is probably
2-3T,), it is still clear that above ~30eV the measured
He ion velocity will deviate from that of the background
plasma. Though not obvious from the table, it should be
noted that the ratio in the last column is essentially den-
sity independent. This table indicates that inside the
separatrix (7, > 60eV) the measured velocity should be
small compared to the background plasma flow and
fairly independent of position. This is consistent with
measurements as typified by what is found in Fig. 3.

To investigate the effect of the equilibration on the
emission line shape and shift we have created a crude
model to simulate the line emission from a group of
room-temperature test ions at zero bulk velocity that
have been injected into a fixed n, and T, plasma. This
ignores any equilibration occurring in the neutral state
via ion—neutral collisions. We modeled ‘packets’ of He"
ions as they equilibrated with the background plasma.
Two simultaneous processes were followed: the number
of He" ions was reduced exponentially with time con-
stant t;,, and, secondly, the energy (directed velocity)
of the remaining ions was increased, approaching that
of the background plasma with time constant Tyermal
(Tmom) assuming 7; = T,. This process is stepped forward
in time until all test particles in the packet are ionized.
Emission occurs with each step and an emission
lineshape is generated. Generally, the emission has an
asymmetric line shape dependent on the fraction of the

Table 1
Calculation of the local equilibration and ionization rates based
on measured background plasma conditions

DenSity Tempera’ture Vmomemum vion Tmomemum/
(10°m™3)  (eV) s s Tion

1.0 50 14x10° 1.1x10°  0.79
0.75 40 1.5%x10°  6.0x10*  0.40

0.5 30 1.5x10° 23x10* 0.15

0.3 20 1.7x10° 48x10®> 0.03
0.25 10 40x10° 2.0x10> <0.01

Tmom = 1/Vmoma Tion = l/vi(m-

population that does not equilibrate to the background
flow. Simple Gaussian fits of the line shape underesti-
mate the flow velocity (and temperature) by 30-40%
for n, and T, values typical of the separatrix region drop-
ping to a small error farther out (e.g. below 30eV). The
analysis of the lineshape inside the separatrix has proven
to be too uncertain for the purposes of inferring flow.

It was also a concern that the particles might flow out
of the viewing chord as they equilibrate with the back-
ground. Though not as much of an issue at the bulk
velocity, some ions will attain higher thermal velocities
that take them out of the viewing area much faster. A
50eV He ion would traverse an ~10cm distance (overlap
of flux tube with viewing chord) in a few microseconds
leaving behind lower energy ions leading to a distorted
measured lineshape. A full Monte-Carlo model would
be required to assess these issues properly.

5. Discussion

Our results are inconsistent in magnitude with other
measurements on C-Mod. Previous work in which visi-
ble emission of a locally produced carbon plume was
imaged has shown that the plume direction (longitu-
dinal) reverses from lower to upper single-null shots
[4]. Similarly, measurements made using a reciprocating
Langmuir (Mach) probe that measures plasma flow up-
stream and downstream have shown that lower single-
null shots generally have a positive (co-current) rotation.
This probe measures a change in velocities between low-
er and upper single-null shots of over 80km/s [1].

Our data does not display the same direction reversal
evidenced by the above diagnostics. The range in Mach
probe velocity data is ~4 times that of the Hell Doppler
data. Even considering the reduced velocities predicted
by the model for high-temperature situations, we cannot
explain this difference. Our Hell measurements generally
follow the relative trends shown by the Mach probe
indicating that use of this method as a relative velocity
measurement may be reasonable. Certainly it has the
advantage over probes of being able to measure velocity
profiles for the entire discharge.

We believe that there are at least two potential rea-
sons for the above discrepancies between the Hell Dopp-
ler measurements and the other velocity measurements.
First, as discussed above, the ions leave the viewing re-
gion as they thermalize, leaving behind the less equili-
brated ions. The second possibility is that the gas puff
is perturbative. Solving a simple steady-state approxima-
tion for the injection rate’s, I';,, relationship to local He
density (I'j, = npeCsALoss X 2), with the average injection
duration (0.1s), the number of particles injected (3 x 10"
giving 'y, =3 % 10%/s), and the area for loss of He
along the field (~4cm?), it is apparent that the local He
density (npe ~ 2 x 10m ™) is comparable with that of
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the background D ion densities. The He" ions and He
neutrals, far from being test particles, are evidently
perturbing the plasma — possibly both vpjasma and T

6. Alternative direction of development

The requirement that the He" ions equilibrate with
the background plasma limits the usage of this tech-
nique. An alternative diagnostic technique is to return
to the standard CXRS process for measuring flows but
try to accomplish it without a high-energy beam.
Though providing less intense emissions, the boron ions
(an intrinsic impurity arising from boronization) have
the marked advantage of already having achieved equil-
ibration with the background ions. We have evaluated
the usefulness of the 494.4nm BV line (6-7 transition)
that is enhanced by B*’ charge exchange with locally in-
jected D°. Fig. 4 shows the effect on the BV line shape of
puffing neutral D, for several frames of data. The Zee-
man splitting is not resolved for the BV line indicating
a high T; (~100eV), consistent with localization of the
emission near the separatrix, and also indicating that
this technique is not strongly perturbative. The use of
BV CXRS emission for velocity measurements shows
promise but further work is needed.
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Fig. 4. Boron (BV) emissions significantly increase during the
D2 puff compared to BII emission.

7. Summary

This diagnostic provides a reasonable method for
obtaining relative measurements of parallel flow veloci-
ties, but only outside the separatrix with plasma temper-
atures <30eV. Trends found here are consistent with
those found previously for plasma flows in the SOL,
but quantitative inconsistencies remain as to direction
and magnitude of the flow. These are likely because of
problems due to loss of high-energy ions from the field
of view and the perturbative nature of the measurement.
On top of these issues is an inherent inability to infer
proper velocities in plasmas much hotter than 30eV. De-
tailed kinetic modeling could potentially provide more
accurate lineshapes when using helium as an injected
neutral. Initially the BV CXRS emission (using a local
gas puff) appears a better choice because the emitting
ion is already in equilibrium with the background
plasma.
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