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ABSTRACT

Power transport to the PDX graphite scoop limiter was
measured during both ohmic- and neutral-beam-heated discharges by
observing its front face temperatures using an infrared camera.
Measurements were made as a function of plasma density, current,
positian, fueling mode, and heating power for both co- and counter-neutrai
beam injection. The measured thermal load on the scoop limiter was
25-50% of the t.tal plasma heating power. The measured peak front face
midp)ane temperature was 1500 °C corresponding to a peak surface power
density of 3 kW/ch. This power density implies an effective parallel
power flow of 54 kw/cm? i agreement with the radial power
distribution extrapolated from TVTS and calorimetry meactrements.
Symmetric and asymmetric thermal loads were observed. The asymmetric
heat loads were predominantly skewed toward the respective ion drift
directions for both co- and counter-injected beams. The resulis of

transport calculations are consistent with the direction and magnitude of
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the observed asymmetries.
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1.0 INTRODUCTION.

Mechanical pump limiters are currently under extensive
investigation as simpler alternatives to magnetic divertors for recycling
control, impurity reduction , increased edge power control, and achieving
high confinement times in fusion plasmas. -3 A special embodiment of
mechanical limiter concepts, called a particle scoop limiter, was studied
in the PDX tokamak during a brief series of experimental runs. The scoop
limiter was clad with a graphite front face and backed by a Sn liter
volume for collecting particles. Figure 1 gives a schematic diagram of
the scoop limiter showing the pump channels, neutralizer, and diagnostics.
Figure 2 gives a schematic view of the scoop limiter front face.
Measurements were made with both ohmic- and beam-heated plasmas. Up
to S MW of D° power were used to heat PDX D* plasmas at line average
densities up to B x 10" em™3 and plasma currents up to 450 kA. Neutral
densities inside the plenum were of order S x 1014 cm'3. Plasmad
densities of typicaliy 2 x 1012 ¢m™3 were measured in the scoop limiter
chann2ls. The scoop limiter neutral-beam-heated discharges exhibited
higher energy and particie confinement times than observed in similar
plasmas with standard rail limiter discharges. Detaited discussions of the
general experimental resuits and analysis are given elsewhere.4 8 in
this paper, we present results on power transport to the PDX scoop
limiter,  as derived from infrared camera measurements of its front
face midplane temperatures, during ohmic- and neutral-beam-heated

discharges.



2.0 EXPERIMENTAL PROCEDURE.

A scanning infrared camera (Inframetrics 210) was used to
view the front graphite face of the PDX scoap limiter from a distance of
about 3.2 m through a ZnSe window. The infrared camera was operated in
the 3-5 um wavelength range, and could be used in a standard video mode
or in a line-scan mede in which the temperature was recorded along a
horizontai line at the midplane of the limiter front surface. The time
response of the system was 125 ps and a scan was taken every 3 ms. A
scan was computer archived every 3 ms or video recorded every 30 ms.
The system detection efficiency was calibrated off-line using a standard
commercially available IR Black Body source. The emissivity of the limiter
graphite surface was determined by circulating hot water (50 9C) through
the limiter cooling lines and comparing the detected infrared signal to the
limiter thermocouples. In addition, a sample of the same type of graphite
(ATJ) was heated in a furnace to 150 °C, and the emitted infrared signal
was detected through the experimental geometry and compared to contact
thermocouple temperature measurements. The results were independent
of position and consistent with an average emissivity of 0.98. The
incident surface power densities were derived from the temperatures
measured in the line~scan mode using standard theoretical heat conduction
calculations with temperature~dependent material parameters. The
camera video mode was used for surveys of the entire limiter front
surface and to verify that the surface temperatures observed in the

line-scan mode 1oad were symmetric about the midplane.



3.0 RESULTS.
3.1 Thermal Loads and Power Transport.

Typical ohmic-heated plasmas with plasma currents of 350
kA and densities of 5 x 1013 cm'3 produced peak midplane scoop limiter
front face temperatures of 245 %C corresponding to peak power densities
of 0.35 kw/ cm?. During neutral-beam-heated discharges with comparable
plasma currents and densities and injected powers up to 5.2 MW, the
observed peak midplane front face temperatures were 1500 o,
corresponding to incident power densities of 3 kw/cm?2. Tyoically, the
scoop limiter front face thermal load varied from 25 to S0 % of the total
heating power (OH + NBI) absorbed by the plasma depending on the
operating conditions.

Figure 3 compares plasma edge power density results versus
major radius 2s derived from three different diagnostics. A tangential
power density flow of 54 kW/cmz, at a2 major radius of 193 cin, was
inferred from the IR camera measurements of the limiter front face,
which was at a3 3.4° angle to the horizontal tangent of the plasa sheatn
The results at major radii veyond the scocy front face were derived from
calorimeter probe measurements located toroidally 90 © from the scoop
limiter. Shcwn also are power density resuits, from TVTS etectron
temperature profiles measured at a major radius of 191 cm, at location
144 @ toroidally from the scoop limiter. The point at 191 cm was the
outermost TVTS measurement. The point at 193 cm is a straight-line
extrapolation of the TVTS data. These pl2sma edge results derived from
three different measurement techniques, at three different toroidal

locations and major radii, exhibit & consistent trend over five orders of



magnitude, and imply an effective 1/e power scrape-off length of 1.5 cm
at the limiter surface. These results also imply a relatively high edge
temperature, a relatively high edge power density near the limiter

surface , and a small power flow to major radii beyond the limiter

channels.

J.2 Temperature Profilgs.

In genera},,-. operatfng conditions were found for both ohmic-
and neutral-peam-heated plasmas that yielded either symmetric or
asymmetric horizontal midblane temperature profites across the limiter
front face. During constant heating conditions, most plasmas yielded
limiter temperature profiles, whese intensity increased uniformly with
time, the rate depending on total heating power, and whose symmetry
remained constant during the pulse. The few plasmas that yielded
time-varying changes in the symmetry of the limiter temperature profile
exhibited disruptive MHD activity.

Chmic-heated plasmas were found to yield thermal depositions
that were most intense on either the ion drift side or the electron drift
side of the limiter front face, depending on the cperating conditions. There
was a tendency for chmically heated plasmas with less stable discharge
conditions (i.e., disruptive MHD activity) to yield therma) depositions that
were most intense on the electron drift side of the limiter front face,
whereas, more favorable aperating conditions tended to yield depositions
that were most intense on the ion drift side.

In general, for both co- and counter-injected beams, the

observed temperature profiles were most intense on the ion drift side of
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the Yimiter front face and this asymmetry tended to increase with beam
power.

Figure 4 (a) shows a scoop limiter horizontal front face midniane
asymmetric temperature profile for a 300 kKA D* discharge heated for 300
msec with 1.4 MW of counter-injected D The thermal deposition was
greatest on the ion drift side of the limiter front face. Figure 4 (b}
shows a scoop limiter front face midplane temperature profile for a 370
kA D" discharge heated for 300 rasec with a co-in jected 25 MwD? . The
thermaj deposition was mare symmetric about the center vertical of the
limiter front face. The arrow at the right indicates ion drift direction for
co-injected O, Figure 4 (c) shows a scoop limiter front face midplane
temperature profile for a 350 kA D* discharge heated for 300 msec with
5.2 MW of co-injected D®. The thermai deposition exhibited a maximum at
the center and a maximum of compar-able intensity on the jon drift side of
the limiter front face. In general, as discussed above, the observed
temperatures increased monotonically during the neutral-beam-heating
pulse from the temperature levels achieved during the ohmic-heating
phase. Figures 4a, 4b, and 4c display temperature profiles at the time of
temperature maximum that occurred at the end of the
neutral-beam-heating pulse.

inorder to study the observed limiter front face thermal load
asymmetries as a function of piasma parameters, the profiles were
quantified in terms of the =imultaneously occurring front face midplane
peak center temperature (CT), the peak temperature at the electrcn drift
side of the 'imiter (SE), and the peak temparature at the ion-drift-side of

the limiter (51). The above quantities were used to define the average



midplane temperature (T, ). where

and the thermal load asymmetry (L.}, where

Lg = SI=SE 2

and the peak temperature ratio (Pr.), where
Pr= LT . (3)

(3E+ S1)
2

3.3 Average Hidplane' Temperatures.

Figure 5 shows the average midplane front face temperature, as
defined in Eq. (1), versus power absorbed by the plasma for 300 msec



neutral beam pulses. The scatter is due in part to varied plasma
conditions. in general, the average te:aperature appeared to increase
with absorbed heating power. However, the thermal lcads that were
observed at the highest power levels near S MW also occurred under
certain conditions at power levels of only 2 MW. There is not sufficient
data to determine if this behavior represents a saturation in the power
being transperted to the scoop face. Normalization of the absorbed power
to the line average density did not significantly change the behavior shown
inFig.5.

Figure 6 shows that, in general, plasmas depasiting the highest
thermal loads on the limiter had the shortest energy confinement times,
in agreement with the observed degradation of confinement time with
heating power absorted by the plasma, as is also observed with
conventional rail fimtters. In addition, although as noted above, the ratio
of power deposited on the limiter to total power absorbed by the plasma
veried from 0.25 to 0.50 over the range of explored plasma conditions,
this ratio was relatively constant for large variations in power absorbed
and energy confinement times, during otherwise similar plasma
conditions, as is alsc observed with rail limiters. Hence, in these aspects,
the behavior of power transport to the scoop limiter was similar o that

measured with conventional rail limiters.
Figure 7 shows the average midplane front face temperature

versus the average Langmuir probe signals in the scoop limiter channels.
These results indicate that as the particle flow into the limiter channels

increased, the thermal transport to the limiter front face aiso increased.



3.4 Thermal Load Asymmetry.

As mentioned above, the symmetry of the therma) transport to
the scoop limiter front face underwent interesting changes with various
plasma conditions. Figure 8 shows the temperature or thermal transport
symmetry, as defined in Eq. (2), versus absorbed power normalized to the
line average density. It is seen that the asymmetry tended to increase on
the ion drift side of the limiier front face with increasing absorbec
power per particle.

fFigure 9 shows the thermal load asymmetry versus energy
confinement time. 1t is seen that ionger confinement times were
associated with more symmetric profiles. This appears to cccur because
the thermal load asymmetry tended to decrease with absorbed beam
power, and there is a general improvement in confinement with decreasing
beam power. Normalization of the energy confinement time to plasma
curent  did not significantly change the behavior shown in Fig. 9 and
indicates that the observed aysmmetries did not exhibit a strong
dependence on plasma current.

The thermal load asymmetry was studied briefly versus the
plasma vertical position, It is found that the 2symmetry increased toward
the ion drift direction as the plasma position was raised. There is not
sufficient data to determine the asymmetry trend for lower plasma
positions .

Figure 10 shows the thermal load symmetry versus the
Langmuir probe signal symmetry in the scoop limiter channels. It is seen
that while there ic considerable scatter in the results, there may be a



tendency towards increased plasma in the scoop channel facing the ion
drift direction, as the asymmetry of the thermal load at the timiter front

face inc ‘eases toward th2 ion drift direction (positive Lo).

Figure 11 shows the average inidplane front face temrerature
versus temperature nrofile symmetry. Symrmetric profiles tend to be
associated with lowar front face temperatures This IS coigistent with
the trend towerd more symmetric profiles and lower front face
tempersiures as the absorbed power decreases.

Relatively center-peaked temperature prefiles were obiserved
under some plasma conditions. This effect is suggestive of increased
perpendicular transport or decreased scrapa-off length and was studied

using the peak ratio parameter (P.) as defined in Eq. (3). This analysis

shewed little dependence on absorbed power and a large scatter in the
results. The origin of this scatter and the interesting variations that
cccurred from shot to shot under apparently stable plasma conditions is

not known at this time.

4.0 DISCUSSION AND SUMMARY.

The power transport to the scoop limiter front face, measured
with the IR camera, was 25-50 & of the total heating pewer absorbed by
the plasma (OH+ NB). The radiated and charge exchange power, measured
with a 19-channel bolometer array along chords through the plasma was
usually << 20-40 % of the total absorbed power. Estimates from

calorimeter and Langmuir probes measurements imply that the power
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input to the scoop limiter channels was only about 3% of the total
absorbed heating power. The result of assuming a toroidally and poloidally
symmetric radiated power distribution yields a deficit in the power
accountability of about 5-40% of the total power absorbed by the piasma.
The origin of this deficit , which is on the order of those found fur rail
limiter discharges in PDX, has not been determined at this time but may
have been due to asymmetries ‘n the dgistribution of power radiated. Recent
experiments on TFTR, for example, have shown evidence of toroidal
asymmetries in the distribution of radiated power of up 20% due to the
presence of the mcveable outer timiter and poloidal asymmetries of up to
50% due to edge phenomena under some plasma c:onditions.9

A visual inspection of the scoop limiter after it was removed
from the vessel indicated that the front face received minimal surface
damage. The entire front face exhibited typical verticaily rising arc tracks
inclined about 5-10? toward the centerline, on each side of the centerline.
The ion drift side for co-injection exhibited visual discoloration, but no
obvious macroscopic erosion effects, or structural damage. This is
indicative of intense, but not excessive, heating absorbed from the ian
drift direction, and consistent with the range of observed front face
temperatures and the majority of asymmetric temperature profiles. This
evidence of minimal surface erosion is 3also consistent with

bremsstrahlung and spectroscopic measurements. Central cr~d
bremsstrahlung emission measurements yielded line averaged Z.¢; of =
1.5-2.3. Vacuum UV spectroscopic measurements found mainly low Z
impurity lines which were predominantly carbon and oxygen at intensities

comparable to divertor discharges. The role of scoop limiter surface



interactions and the previously discussed 7 plasma near-edge relaxaticn
phenomena consisting of 50-150 kHz quasicoherent density oscillations
has net been determined.

Asymmetric ternperature profiles and the filling-in of the valley
between the temperature peaks have been cbserved previously on the DIl
rail limiter,'® the PDX inner toroidal limiter,!! and the TFTR rail

timiter.12 The observed temperature profile asymmetries are strongly

dependent on the respective particle density and temperature profiles in
the sciape-off zone. The simple Schmidt model 13 for scrapeoff of power
flow along field lines at a limiter predicts a symmetric double peaked
temperature profile and a decreasing peak separation with a shortening of
the scrape-off length. Using this model and the limiter surface geometry,
the measured separation between the peak temperature points for typical
doubie-peaked temperature profiles implies a /e energy scrape-off
length of 1.5-cm. This is consistent with the power scrape-off length of
1.5-cm implied from TVTS, IR camera heat flux, and calorimeter probe
results discussed above and shown in Fig. 3. The filling-in of the valley
between peaks indicates the presence of radial transport, which is not
included in the Schmidt model in an explicit manner. Fast ion orbits,
finite Larmor radius effects, perpendicular diffusion, and sheath flow
effects are candidate mechanisms for this perpendicular power transport.
Analysis of a double-peaked 5 MW case using the inferred 1.5-cm energy
scrape-off length implies 1.5 MW or 28% of the incident power is
attributable to perpendicular trangport. In the case of the strongly
center-peaked profiles (e.g, Fig. 4B), it is difficult to resolve
unambiguousiy the effects of radial transport and a possibly shortened

scrape-off length. Strong variations in scrape-off length with edge

12



conditions were observed pre\fiousiy'o'12 and are under extensive

investigation.
The effect of beam particles lost to orbits extending outside of the

limiter radius was investigated. Transport calculations were performed
using a modified version of the TRANSP code 14 employing the actual
vessei geometry, realistic neutral densities at the piasma edge, and a
simple limiter geometry. The results yielded a limiter power deposition
incident from the ion drift direction due to beam orbits extending outside
of the limiter radius, corresponding to = 20-40% of the total scoop
limiter front face thermai load. Afthough this result is consistent with
the magnitude and direction of the observed temperature profile
asymmetries, this agreement may de fortuitious in view of the simplifying
approximations that were employed.

Generally, the observed temperature profiles were relatively
constant in shape from shot to shot, for relatively constant plasma
conditions, but at times appeared to be sensitive te subtle changes in
operating conditicns.  Although this interesting behavior is not
sufficiently documented for additional quantitative studies, it suggests
that real-time thermal load measurements may be heipful for optimizing

piasma operation on scoop limiters.
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FIGURE CAPTIONS

FiG.1 Schematic plan view of the PDX scoop limiter showing the
channels, neutralizer, and diagnostics.

Fig2 Schematic elevation view of the PDX scoop limiter biades
and ion side entrance channel.

Fi6.3 Plasma edge power density {kw/cm?) versus majer radius {(cm)
as inferred from [R camera measurements, calorimeter probe
measurements, and TVTS profile measurements.

FIG.4(a) A front face, horizontal midplane, asymmetric temperature
profile for a 300 kA D* discharge heated for 300 msec with
1.4 MW of counter-iiiected DP. The thermal deposition
is greatest on the ion drift side.

FIG.4b) A front face, horizontal midplane, symmetric temperature
profile for a 370 kA D* discharge heated for 300 msec with 2.5
MW of co-injected D°. The arrow indicates :he ion drift
direction.

FIG.4(c) A frort face, horizontal midplane temperature profile for a 353G
kA D' discharge heated for 300 msec with 5.2 MW of co-injected
o°.

FIG.5 Average front face midplane temperature (7,,) versus absorbed

power (P,.) in MW.

FiG6& The average front face midplane temperature (Tav) VEersus

energy confinement time (T,) in msec.

17



FIG.7 The average front face midplane temperature (T, )  versus

the average of Langmuir probe signals (volts) in the scoop

Hmiter channels.

FIG.8 The temperature profile or thermal load symmetry {Lg) versus
absorbed power (Pg,o) normalized to line average electron
density (ny).

FIG9 Thermal load symmetry (L) versus energy confinement time
(Tg) in msec.

FIG.10 Thermal load symmetry (Lg) versus the Langmuir probe signal

symmetry between the limiter channels.

FIG.11 Average front face midplane temperature (T,) versus

temperature profile symmetry (Lg).
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