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Results from helivm, iron, and electron transport studies on TFTR [Plasma Phys. Controlled Nucl. Fusion
Research 1, 51 (1986)] in L-mode and Supershot deuterium plasmas with the same toroidal field, plasma
current, and neutral beam heating power are presented. They are compared to results from thermal transport
analysis based on power balance. Particle diffusivities and thermal conductivities are radially hollow and
larger than neoclassical values, except possibly near the magnetic axis. The ion channel dominates over the
electron channel in both particle and thermal diffusion. A peaked helium profile, supported by inward
convection that is stronger than predicted by neoclassical theory, is measured in the Supershot. The helium
profile shape is consistent with predictions from quasilinear electrostatic drift-wave theory. While the
perturbative particle diffusion coefficients of all three species are similar in the Supershot, differences are
. found in the L-Mode. Quasilinear theory calculations of the ratios of impurity diffusivities are in good
accord with measurements. Theoy estimates indicate that the ion heat flux should be larger than the
electron heat flux, consistent with power balance analysis. However, theoretical values of the ratio of the
ion to electron heat flux can be more than a factor of three larger than exporimental values. A correlation
between helium diffusion and ion thermal transport is observed and has favorable implications for sustained

ignition of a tokamak fusion reactor.
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l. INTRODUCTION

Particle and energy transport in tokamak plasmas have long been subjects of vigorous
investigaton. Local relationships between particle transport, particularly helium transport,
and energy transport may ultimately indicate whether a tokamak operating in a given
confinement regime is a viable candidate as a future fusion reactor. Also, a characterization
of the local transport of several plasma species as well as the relationship between particle
and energy transport may give insight regarding the nature of the underlying transport
mechanisms. Recent examples illustrate that the state of the art in transport studies has
evolved to the point where radially resolvéd transport measurements of electron
perturbations,! low-Z2:3:4 and high-Z5 impurities, and energy®.7.8.9 are possible. In
addition, recent developments in transport theory provide tools that can be brought to bear
on transport issues, allowing the local measurements to be a means of not only
characterizing tokamak plasma transport but also of testing transport models.

Peaked density Supershot!0 and L-Mode plasmas on TFTR are known to have
markedly different energy confinement times, electron and ion temperature profiles, and
electron density profiles. It is natural to ask about the local characteristics of the
accompanying transport, and in particular to ask whether the changes between the two
regimes are reflected in differences in the local energy transport, particle transport, or both.
Also, just as energy flows in the ion and electron channels are known to be different in a
given plasma, there is no reaison to believe that in a multispecies plasma the particle
transport of each species should be the same. This is of practical importance when
extrapolating particle and energy transport measurements to future tokamak reactor
scenarios: if helium and electron particle transport are significantly different in a given
regime, then comparing electron transport rates to thermal transport rates is potentally
misleading.

This work has four interrelated aims. Transport studies of TFTR Supershot and L-
Mode plasmas with the same plasma current, toroidal field, and neutral beam heating power
are presented. The first goal is to perform as complete a characterization as possible of the
local transport of thermal helium, iron, and electrons in both confinement regimes. It is
demonstrated that it is possible to measure differences in the local particle transport of
different species in the same plasma condition and differences in transport of a given
species in the two plasma types. Transport of He2+ (introduced by a small gas puff) and

Fe24+ (introduced by laser blowoff) was studied using charge exchange recombination
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spectroscopy (CHERS).!1.12 Electron transport was studied in two complementary ways.
A ten channel Michelson infrared interferometer (MIRI)13 was used to measure the
perturbed electron flux! from the same helium puff used for the HeZ* studies. Examining
the perturbed electron and He2+ responses following the same gas puff provides an
unambiguous comparison of the perturbative transport of the two species. Electron particle
balance analysis was also performed on the same discharges, permitting a comparison of
perturbative and particle balance analysis results. This is important since the relationship
between the two depends on the underlying transport mechanisms.

Second, particle transport results are compared to local energy transport results from
power balance analysis. The characteristics of the ion and electron channels in both particle
and energy transport are examined. Also, similarities in behavior of particle and energy
diffusion in going from the Supershot to the L-Mode are discussed.

Third, these particle and energy transport results are used as a test bed for a transport
model based on quasilinear electrostatic drift-wave-type instabilities.}4 Results from theory
calculations of the ratios of particle and thermal fluxes for both plasmas at the plasma half-
radius and near the magnetic axis are presented. These provide a local test of the theory
over a wide range of gradients of temperature, electron density, and impurity density.
Comparisons are made with this theoretical model because it is complete enough to enable
predictions of the ratios of thermal and particle transport coefficients and fluxes of a
multispecies plasma in a toroidal geometry.

Finally, implications for helium ash transport in future tokamak fusion reactors which
arise from measured correlations between local energy transport and local helium transport
in the core of these TFTR plasmas are discussed. The relative importance of helium
transport rates (both diffusive and convective), the thermal helium source profile and
source rate, and thermal conduction in determining the depletion of deuterium and tritium is
examined given the transport coefficients measured. |

Section II contains a description of the experiment and results. There, the L-mode and
Supershot plasmas are described. Similarities and differences in the particle transport
coefficients of the three species are discussed, and comparisons with the thermal
conductivities are made. In Section III, the quasilinear drift wave model is outlined and the
results of calculations of ratios of fluxes and transport coefficients are presented and
compared to measured quantities. The implications of the measured correlation between

helium particle transport and energy transport for helium ash transport in a future tokamak

wepgow ' ’ 0 I 1" o Il n LI RO B [ LI pm‘M | "o H-,- i J‘IH\ IR

R R IR

Coy



reactor arc explored in Section IV. Conclusions are outlined in Section V. Appendix A
contains discussion of the details of the measurement techniques used in the impurity
measurements. Appendix B contains a discussion of the interpretation of perturbative

transport coefficients of trace and bulk species.

Il. DESCRIPTION OF THE EXPERIMENT AND RESULTS

A. Plasma Description

Both the L-mode and Supershot plasmas had a toroidal field of 4.8 T, a plasma current
of 1.0-1.1 MA, and 12-13 MW of balanced neutral deuterium beam injection. The plasma
major radius was 2.45 m, and the minor radius was 0.80 m. Typical electron density,
electron temperature, and ion temperature profiles for both the L-mode and Supershot are
shown in fig. 1. The electron density was measured by a ten-channel infrared
interferometer, and electron temperature was measured by electron-cyclotron emission and
Thomson scattering. Ion temperatures were measured by charge exchange recombination
spectroscopy (CHERS)!S, viewing the 5292 A (n = 8-7) line of C5+ excited by charge
exchange recombination of C&+ with heating beam neutrals. Zg¢{(r) was measured both
with a tangendally viewing visible bremsstrahlung (VB) array and with radial profiles of
C%+, normalized to the central VB value, obtained with CHERS (carbon is the dominant
impurity in most TFTR discharges). The central line-integrated electron density is shown
in fig. 2 for the Supershot. A 24 ms helium puff was introduced into the plasma about
halfway into the neutral beam pulse, resulting in a small perturbation in the line-averaged

- electron density (< 5%). The drop in T, after the puff was less than 3% at all radii. For the

iron measurements, iron was injected with the laser blowoff technique during the electron
density flattop. For these plasmas, the density perturbation following iron injection was
less than 1%. The prompt perturbation on the electron temperature after iron injection was
less than 3% for the L-Mode and less than 1% for the Supershot.

For the L-Mode, data from eight nearly identical discharges were averaged together so
as to improve statistics of the helium transport and electron transport data. For the
Supershot, fourteen nearly identical plasmas were used. Smaller ensembles were averaged
together for the iron data. For the purpose of comparison with local electrostatic
turbulence-based models and for reproducibility, the plasmas used in the transport analysis

were chosen to be as free as possible of MHD activity, with the exception of small sawteeth
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present in the L-mode. The normalized sawtooth inversion radius ry,,/a was 0.13, and the
measured change in electron temperature AT,(0)/To(0) was less than 10%. Their impact on
the transport measurements was minimal, as is discussed below. For the Supershot,

sawteeth were suppressed.

B. Methods of Analysis of Particle and Thermal Fluxes

1. Perturbative Helium, lIron, and Electron Measurements
For all particle transport measurements, the flux is evaluated by solving the continuity

equation
on/ot = -V-I' + S. (1)

It is assumed that the impurity fluxes can be described as diffusive and convective flows,

i.e.

I,(r,t) = -D, )V, (r,t) + V,(0)n,(,0). )

For fully-stripped helium, the source and sink Sy, is governed by ionization of He* and
recombination of He2*+. Modelling with the MIST!6 impurity transport code, which solves
the continuity equation given a source at the plasma boundary, indicates that Sy, plays a
small role in the continuity equation for r/a < 0.8 compared to the transport of the helium
ions following the gas puff.

For both the helium and iron measurements, the CHERS spectrometer viewed a co-
injecting neutral beam line in the midplane (fig. 3). For all CHERS measurements, fiber
optics bring the light from the plasma to a Czerny-Turner spectrometer. Sightline-neutral
beam intersection radii were spaced by approximately 0.1 m, providing up to eight radial
measurements in this 0.80 m minor radius plasma. The resolution in major radius was
0.02 - 0.03 m per channel.

For both the steady-state and perturbative helium measurements, the n = 4-3, 4686 A
Het line, excited by charge exchange with beam neutrals, was used to measure the He2+

density profile shape (see Appendix A). Since CHERS provides local information about
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the time historices of the helium density following the puff, both the helium diffusivity Dy
and convective velocity Vi, in the source-free region are evaluated by inferring the helium
flux Iy, directly from the measured time-dependent He?* profiles. The flux, normalized to
the local density, and the local scale length measurements are then used to evaluate the
transport coefficients directly.l7 Plots of I'yo/ny, as a function of Vnya/ny, at one minor
radius are shown in fig. 4 for the L-mode. The normalized flux obeys a linear behavior,
consistent with expectations for a trace impurity and time-independent transport
coefficients. The diffusion coefficient Dye is the absolute value of the slope of the best-fit
line, and the convective term Ve is given by the y-intercept. Negative values of Vi are
defined to be inward. The main contributors to the uncertainty in the determination of the
transport coefficients are noise in the measured I'ye/ny, and Vny/ny,. and systematic
uncertainties in the changes of these two quantities. These systematic errors are due to
uncertainties in the profile shape arising from errors in the beam stopping cross sections
and the plume correction.

This local analysis of the helium data was chosen to obviate difficulties in predictive
modelling of the helium source and fully stripped helium time behavior following a gas
puff. The success of predictive modelling with MIST of a highly recycling gas such as
helium depends heavily on the ability to model the edge correctly. In these experiments,
the time history of the helium source after the puff was measured by observing the 304 A
Het line (n=2-1). A range of values of Vy,, Dye, recycling coefficient Ry, recycling
neutral energy Ey, and edge plasma parameters such as scrapeoff layer lengths and parallel
transport times can result in predicted time histories that are in fact within the noise of the
data from a single discharge. However, averaging data from the fourteen nearly identical
Supershot plasmas cleaned up the CHERS and source measurements considerably. This
revealed small features in the time evolutions that were impossible to reconcile with the
model. No values of Vi, Dye. Rye, Eg, and edge plasma parameters could be found to
simultaneously reproduce the time histories measured for the outer CHERS channels and
the measured source behavior in the first 30 - 50 ms after the puff while still being
consistent with the long-time behavior after 150 ms. Candidates for the inadequacy of the
predictive modelling are poor spatial resolution of the CHERS measurements and particle
source measurements in the scrapeoff region of the plasma, lack of knowledge of any
toroidal and poloidal asymmetries of the helium source time behavior, and possible time

dependence of the helium recycling coefficient during the puff itself.
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This issue is not imporiant for iron since it has a very low recycling coefficient: the
neutral iron source is essentially a delta-function in time. Helium-like iron (Fe24+) was
chosen for iron transport measurements because it is the dominant iron charge state in the
core region of the TFTR discharges studied. Iron measurements were made using the 5001
A line of Fe23+ (n = 19-18), excited by charge exchange with heating beam neutrals
(Appendix A). Because ionization and recombination for an iron ion (the source term in
eq. 1) are important for the entire plasma cross section, MIST was used to solve the
continuity equation and to model the time evolutions of the Fe24+ density following laser
blowoff. The iron atom source is an instantaneous burst of atoms that are assumed to be
monoenergetic with an energy of 3 eV. The atoms are ionized in the region between 0.75
m and 0.80 m, well outside the observed region.!8 Varying the energy of the incoming
atoms between 1 eV and 10 eV, and thus the source radius, does not make a significant
difference in the predicted time evolutions or profiles of the core ionizatdon states observed
here. The results are insensitive to assumptions about the width of the scrapeoff region in
the range of 0 - 0.10 m. A value of 0.05 m was used here. The relevant atomic physics
rates (electron impact ionization, dielectronic recombination, radiative recombination and
charge exchange recombination) are as described in reference 5. The effect of uncertainties
in these rates on the MIST predictions was evaluated by making reasonable variations of
the rates and comparing the results. This indicated that the shape of the time evolutions. of
the Fe24+ density at the observed radii are insensitive to uncertainties in the rates but that
the profile shape is sensitive. In the modelling, Dg, was not constrained to have any
particular radial form, but Vg, was parameterized as Vge(r) = -Cy(2Dg(r)/a)(r/a). The data
were modeled by varying D, and ¢y, to match the observed time evolutions of the Fe24+
density at the observed radii. The measured and predicted profile shapes were then
checked for reasonable agreement.

The small amount of helium gas puffed into these plasmas to determine the heiium
particle transport also serves as the source of the electron density perturbation. The time
evolution of the density profile measured with the 10 channel far-infrared laser
interferometer is used to solve the particle balance equation within the TRANSP analysis
code.!9 For these plasmas, the neutral-beam fueling rate profile is calculated with a Monte
Carlo beam deposition algorithm in the code. The wall source is calculated from the total
number of particles in the plasma and an estimate of the particle confinement time. The

particle confinement time during the helium puff is assumed to be equal to the steady state



value preceding the puff. The particle confinement time before the helium putf is calculated
from the particle balance equation using the brightness of the Dg line (6562 A) to provide
the wall source. A‘ter the helium puff perturbation the particle confinement time based
upon the D emission is the same as the value before the puff. The solution of the particle
balance equation provides the electron particle flux, I¢(r,t), as a function of plasma radius
and time. The local transport coefficients are then the coefficients in a linear multiple

regression with [, as the dependent variable!:
8, = (0T /0Vn,)8Vn, + (/an, )dn,, 3)

where the symbols 8Vn, and 8n, refer to the perturbed electron density gradient and
density, respectively, and dI'¢/dVn, and dI'./dn, are the transport coefficients. The
coefficients aTo/dVn, and ol"</dn, have the units of particle diffusivity and convection.
Because these coefficients are not necessarily the steady state coefficients and may be
nonlinear (e.g. a,/0Vn, and ol'¢/dn, are functions of either Vn, or ng) the coefficients are
left as the terms in the Taylor series expansion. This regression is applied at each radius
over the time of the density perturbation to produce transport coefficients as a function of
plasma radius. In fact, the regression is applied to the total parameters instead of the
perturbed parameters, because regression analysis removes the steady state component of
the dependent and independent variables and makes fits based upon the change of the
parameters. This was verified by completing the regression analysis on the total and the
perturbed variables and exactly the same coefficients were obtained. Previously, the
regression was applied to the equation ~ 8I¢/ne = (0I'e/0Vne)dVne/n, + (dl¢/dne )17
However, it was observed that for small electron density perturbations, n, and Vn, are
decorrelated parameters compared to the quality of the regression fits and thus they may be
treated as independent variables. Using both terms results in better fits and does not
include the overall residue from the fits in the coefficient 8Ie/n. The electron diffusivity
inferred from the perturbation is noted here as DB = - ol'e/0Vne. This may be quite
different from the steady-state diffusivity (see Section I1.C.1 and Appendix B).

‘2,  Power and Particle Balance Analysis
Beam energy deposition and thermal heat fluxes were calculated using the transport

code TRANSP using experimentally measured radial profiles of plasma parameters



including ne, T¢, T;, and Z. . To avoid confusion regarding convective vs. diffusive heat

fluxes, we define an effective thermal conductivity yeft:

Qe =- X4 neVTe, ' )
Qi == % QnvTy, (5)
J
Qi+Qe == xS (neVTe + Y njVT;), ©6)
]

where Qj and Qg are the ion and electron heat fluxes, respectively. The sum is over the
thermal ions, including irmpurities. In the Supershot, the heat flux is not purely conductive:
convection is an important heat transport mechanism, especially near the magnetic axis.
However, power balance analysis shows that the thermal transport coefficients with and
without convection subtractedexhibit the same trends between L-Mode and Supershot.
Error estimates of these power balance calculations were obtained by performing 64
transport analyses with the steady-state transport code SNAP. The measured back'ground
plasma profiles and other input data were varied within their ranges of uncertainty by
Monte Carlo sampling a Gaussian distribution for both statistical and systematic errors.8
TRANSP was used to evaluate the electron particle flux by calculating the electron
source rate from the beam neutrals and using the measured source rate from Dg
measurements at the plasma edge. An effective diffusivity is defined using the calculated

flux and the measured electron density profile:

This representation of the equilibrium particle flux does not distinguish between diffusive
and convective contributions to the total particle flux. Stll, it is a useful quantity because
depending on the functional dependency of the particle flux on perturbed plasma quantities,
Deg and D may be related, as discussed below.

C. Particle and Thermal Transport Measurement Results

1. Inferences from Steady-State Radial Helium Profiles
Measured profiles of the fully-stripped helium density ny. and concentration
nye(r)/ne(r) obtained 150 s after the puff are shown in fig. 5. Since the absolute value of

both quantities is not only a function of transport but also of recycling properties and gas
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puff size, both ny.(r) and ny(r)/ne(r) are normalized to central values. For both the L-
mode and Supershot, the shape of the helium profile remained constant after 150 ms,
although the amplitude of the profile in the Supershot decreased in time as a result of
pumping of the helium by the well-conditioned bumper limiter. The profile shape
determination includes contributions to the spectral line brightness from electron-impact
cxcitation of Het ions formed after the charge exchange event (Appendix A).13 The
shaded regions represent the effects of published uncertainties in the beam stopping cross
sections, charge exchange excitation rates for the three beam species, and electron impact
excitation rates relevant to plume brightness calculations. These systematic effects affect
the Supershot and L-Mode profiles shapes in the same sense, implying that differences
between the Supershot and L-Mode in ny,(r) and nye(r)/ne(r) profiles are real.

The helium density profile is peaked compared to the electron density profile in the
Supershot. This is despite the fueling of electrons in the central region of the plasma from
neutral beams and indicates that the helium transport must differ from the electron
transport. Also, because the Supershot He2+ profile is peaked on axis in the source-free
region, inward impurity convection must play an important role in the transport process.
The C6+ profile (as measured with CHERS) has a similar central peak and relatively flat
pedestal in the outer half of the plasma as well. The similarity between the steady-state
He?* profile and the CO* profile is encouraging since the carbon measurements are much
less prone to the effects of ion plume emission. Also, Zegr profiles measured with a
midplane visible bremsstrahlung array are consistent with these measured impurity profiles.
For these plasmas, the broad L-Mode helium profile and the centrally peaked Supershot
helium profile are predicted by quasilinear drift-wave theory, as is discussed in Section III.

2. Steady-State Particle and Energy Transport

In this section we confine the discussion of diffusivities to transport coefficients that are
interpreted as being steady-state values (see Appendix B). The particle transport
coefficients Dy, Dge and Deg are shown in fig. 6(a-c). The thermal transport coefficients
xeiﬁ, xegf, and X%(f,{ are shown in fig. 7(a-c). All of these transport coefficients are radially
hollow and are larger than neoclassical values, except possibly near the magnetic axis.

For both plasmas, the helium and iron diffusivities Dy, and Dg, are larger than the
effective electron diffusivity Deg. This is similar to the ordering of the ion and electron

thermal transport coefficients, i.e. xeiff > xegf (fig. 7) for the L-Mode and Supershot. The
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dominance of the ion thermal channel over the electron thermal channel is reflected in the
fact that, according to power balance calculations, Q; > Q, for most of the plasma cross
section of both plasmas. The dominance of the ion channels and electron channels with
respect to particle and thermal fluxes is incompatible with simple models based on magnetic
stochasticity. However, it is qualitatively consistent with expectations based on the
quasilinear electrostatic drift-wave transport model discussed in Section III.

The helium diffusivity Dy, is reduced in the inner half of the Supershot as compared to
the L-Mode (fig. 6(a)). Also, D"g is smaller in the Supershot as compared to the L-Mode
(ﬁgv 6(c)). If helium transport is similar to the transport of the working thermal ions, then
one characteristic of the improvement in particle confinement in the Supershot is the
reduction in the working particle diffusivities in the plasma core. The reduction in Dy, is
similar to the reduction in ¥°f in the Supershot as compared to the L-Mode.20 The
similarity in magnitude and behavior of Dy, and xeiff between the two confinement regimes
suggests that a link e;cists between ion thermal and particle transport. The similarity
between Dy, and the y's has previously been reported for rotating L-Mode plasmas on
TFTR2 and appears to be a feature of TFTR plasmas in general. The fact that x°ff > yLf
and Q; > Q. implies that xciff is also similar in behavior and magnitude to x"{fft (fig. 7(c)).
Implications of the resultant similarity between Dy, and X?cf,f, are generally favorable for
helium ash accumulation issues in future tokamak reactors and are discussed in Section I'V.

Not all impurides transport in the same way. The reduction found in the Dy, when
going from L-Mode to Supershot is not found for D, (fig. 6(b)). In fact, the change in
Dg, is in the opposite sense of what might be naively expected. While Dy, is similar in
shape and magnitude to D, in the Supershot, Dg, < Dye in the inner third of the plasma of
the L-mode plasma. These differences in helium and iron diffusion in the L-Mode are in
fact anticipated by the quasilinear drift-wave transport model (Section III). The
experimental result serves as a caution against making generalizations about particle
transport from measurements of a single species.

To confirm the validity of this result, MIST modelling of the iron data was performed
under a variety of assumptions as to the shape and magnitude of Dg, and Vg,. No form of
D, reproduced the data under the assumption that Vg, = V.. Also, no satisfactory
simulations were obtained for any form of Vg, assuming that Dg, = Dy, indicating that the
conclusion that Dg, < Dy, in the core of the L-Mode plasma is not due to errors in the

modelling.
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Sawtooth oscillations, present in the L-Mode but suppressed in the Supershot, are
expected to enhance the diffusivity of impurities in some circumstances.2! Here, however,
sawtooth effects are measured to be small in the L-mode. The sawtooth inversion radius
for the L-mode was r/a ~ 0.13. Helium data averaged together from discharges with
coincident sawtooth crash times were found to be absent of any signs of modulation of the
local density except at r/a ~ 0. There, Anp,/nye across the sawtooth crash was < 10%.
The transport coefficients near the magnetic axis derived from the density rise during crash-
free portions of the sawtooth cycle were found to be the same, within statistical errors, as
those obtained during longer periods of the cycle that included crashes. The lack of
significant changes in the measured diffusivity as a result of sawteeth is not unexpected in
this particular case since the transport time scale between sawtooth crashes within the
sawtoothing region is rapid compared to the sawtooth period. In the case of tron,
modelling with MIST indicates that sawteeth do not effect the time scale of the central iron
density decay significantly, again owing to the rapid transport as compared to the sawtooth
period.5

The helium convective velocity Vi, in the Supershot is inward and larger than
neoclassical values for r/a < 0.4 (fig. 8(a)). Helium convection in the Supershot
characterized by two regions inside the scrapeoff. Values consistent with neoclassical
predictions are found for 0.4 < r/a < 0.8, although anomalous values cannot be ruled out.
However, inward convective velocities larger than neoclassical values2? are inferred for r/a
< 0.4. The L-Mode values are more uncertain (fig. 8(b)) because of the larger uncertainty
in the helium profile scale length. For the L-Mode, anomalous values of Vy, (both inward
and outward) are within the uncertainties of the measurement, as are neoclassical values.
Although the predominantly systematic errors are larger in the L-Mode than in the
Supershot, the radial structure of the Supershot Vy, is not present in the family of possible
radial forms of the L-Mode Vi, indicating that there are changes in convective helium
transport between the two regimes.

Using the parameterized form of Vg, wends in iron convective transport between the
L-Mode and Supershot can be discemed. For iron, proper fits of the data are obtained only
if Vg, is assumed to be inward and larger than neoclassical values for both cases, and
larger in magnitude for the Supershot than the L-Mode (see fig. 9).

Although the Supershot helium profile shape is roughly what might be expected from

simplified neoclassical considerations, i.e. ny,(r) o ncz(r), the measurements of the
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transport coefficients clearly indicate that the transport is nor neoclassical. Similarity with
neoclassical predictions of the profile shape must be regarded as coincidental and cautions
against inferring neoclassical behavior of impurities from profile shape measurements

alone.

3. Perturbative Electron Transport Measurements and Relationships With
Steady-State Transport

Comparisons of perturbative electron transport measurements and helium transport
measurements yield some surprises. The electron transport following the perturbation was
found to be different from the helium transport in the L-Mode, even though both
perturbations were from the same gas puff. The density rise of clectrons and He2+
following the puff into the L-mode plasma is shown in fig. 10(a). The perturbed densities
are normalized to long-time values, and the steady-state background levels are subtracted
from them. The data are averaged over the same eight L-mode discharges. It is interesting
to note that the helium perturbation arrived in the interior of the plasma before the electron
density perturbation. Because of the constraints of ambipolarity, this is only possible if the
background plasma ions (deuterium ions or fully-stripped carbon) responded to the
presence of the perturbation. The diffusivities DE = -9I'¢/dn, and Dy, are shown in fig.
10(b,c). While Dy, and Df are similar in the Supershot, Dyje > Df in the L-Mode. As the
case of helium and iron in the L-Mode, this demonstrates that using transport
measurement- of one species as a descriptor of particle transport in general can be
misleading.

Also, the equilibrium and perturbed electron diffusivities for the electrons for both L-
mode and Supershot are not necessarily the same. Figure 11 shows the electron particle
diffusivity DP (from the helium gas puff) and the effective electron diffusivity Deff (from
particle “alance). In the inner half of the plasma, the two quantities are very similar in the
L-Mode, but are very different in the Supershot. A possible explanation is that the density
and/or gradient dependence of the bulk electron transport mechanisms has changed between
the two regimes, Such a result can be understood qualitatively from considerations based

on transport driven by drift-wave instabilities. As discussed earlier and further in

. Appendix B, DP represents the derivative ~0'e/0Vne of the flux, evaluated at equilibrium.

Simplified forms of drifi-wave type theory generally predict that the electron flux is related

to the elecimon density gradient as e = AVnc.B, in which case Degf = -AVneB—1. The
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diffusivity of the electron perturbation is DY = ~BAVn.P~! or D = DSl In the L-
Mode, the ion temperature gradient drive is expected to be dominant because the density
profiles are broad and T;/T, is near unity.23 In this situation, the dependence of I'e on Vn,
is not expected to be strongly nonlinear. In the Supershot, the ion temperature gradient
drive is expected to be weakened because of the reduced value of n; = d(logTj)/d(logn;)
and the increased ratio of T;/T.. As a result, both 1; and trapped electron effects are
expected to be important, and the dependence of I'e on Vng is expected to be stronger, i.e.
B is expected to be larger in the Supershot than in the L-Mode. The qualitative nature of the
differences observed between the L-Mode and Supershot are at least consistent with this
simplified picture. However, other explanations, such as the presence or absence of an
anomalous particle pinch not included in the steady-state particle balance analysis, may also

be consistent with the observed differences.

ill. PREDICTIONS FROM QUASILINEAR THEORY AND
COMPARISCNS WITH MEASUREMENTS

A comprehensive numerical modell4 for calculating eigenmodes and eigenfrequencies
of electrostatic and electromagnetic modes in a toroidal geometry has been developed and is
applied to the present transport studies. While fluctuation saturation levels are unknown,
estimates of ratios of transport coefficients and fluxes, e.g. DHe/Dre, DHe/ x‘{"g{, VHe/DHe,
etc. are obtained. In the context of this quasilinear model, the saturation levels are
multiplicative factors common to each predicted flux and cancel when ratios are taken. For

input data, plasma profiles of ne, Te, Tj, and Zeg(r) are used. The thermal deuteron density

_ ng, local g, the plasma beta, and the local beam ion density and energy have been calculated

by TRANSP. Results are based on calcuiations for the fastest growing mode found.
These calculations confirm in detail the expectations mentioned in Section II.C.3 and
discussed in Ref. 23 regarding the relative roles of 1); and trapped electron effects in the
two plasmas, i.e. for the L-Mode, primarily n; effects are expected, and in the peaked
density Supershot, drift wave microinstabilities caused by both 1; and trapped electron
dynamics drive particle and energy transport.

Table I shows ratios of ransport coefficients and fluxes as calculated by the quasilinear
theory for r/a = 0.2 and 0.5. Also shown are experimental values for the same ratios.
Experimental values were interpolated between values measured at nearby radii where

necessary. Experimental uncertainties are shown in parentheses. For the L-Mode case at
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r/a = 0.5, uncenainties in the theory calculations due to experimental errors in the
determination of the gradient of T¢, ne, and T; are shown as well and are discussed below.
These two radii were chosen for the theory calculations because the gradients and values of
the bulk plasma quantities are well known there. These two radii are also characterized by
very different gradients in the helium and carbon profile shapes in the Supershot. Finally,
the measured changes in transport between Supershot and L-Mode occur inside of r/a =
0.5: measurements of transport in the inner region show reductions in Dye, Degf, and xciff.

In the abserice of particle sources, the steady-state helium profile shapes are determined
entirely by Vye/DHe. The calculations of Vye/Dye show that the two very different
Supershot and L-Mode He2+ profile shapes are consistent with quasilinear theory of drift
wave-driven transport. For both plasmas, the measured helium transport is a linear
function of the gradient alone at r/a = 0.5, corresponding to small values of Vie/Dye. This
is also true for the L-Mode at r/a = 0.2. This diffusion dominance is in fact predicted by
the theory for these three points. For the Supershot, however, the inner minor radius is
unique: the measured absolute value of VyHe/Dye is larger there, implying a small steady-
state scale length and strong peaking on axis. Again, this is predicted by the quasilinear
theory and manifests itself as a prediction of nonzero inward helium flux in the presence of
zero helium density gradient

The measured ratios Dye/DFe are in reasonable agreement with the predictions. Even
though the predicted transport arises from ExB effects, differences in He2* and Fe24+
transport are expected in some circumstances because of differences in the toroidal transit
times of each ion and the finite toroidal extent of the dominant modes. The quasilinear
theory predicts the largest difference in Dye/Dre to be found near the center of the L-Mode
plasma, which is seen in the measurements. Measurements yield Dya/Dpe ~ 3 there; the
predicted value is about S.

It is inferred from power balance analysis that Q; > Qg for all minor radii of these
plasmas. While this ordering is anticipated in the quasilinear treatment, the predicted values
are often larger than the power balance values. One possible cause of this is that magnetic
stochasticity plays some role in heat transport through the electron channel. Alternatively,
the collision operator employed in the quasilinear treatment might inadequately describe the
power transfer between ions and electrons. Also, these calculations were based on results
obtained from examining the fastest growing mode. It is possible that the fastest growing

mode is not necessarily that dominates the transport.
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Similarly, the experimentally determined ratio D"ff/DHc is typically larger than the
theoretical value. In this context, however, it is important to examine not cnly the
experimental uncertainties but also the effects of the plasma profile uncertainties on the
theory calculations themselves. For the L-Mode at r/a = (.5, a sensitivity study of the
theory results was performed. Gradients in ne, Te, and Tj were varied within their
experimental uncertaindes. TRANSP calculations of ny, q, plasma beta, and the local beam
ion density and energy were repeated with the varied profiles. Ratios of fluxes were then
calculated again wiih the quasilinear reatment after finding the fastest growing mode. It
was found that the total electron particle flux I'e is very sensitive to the input data. In fact,
it is possible to change the sign of the calculated I'e (and thus chf) with variations in the
gradient of either ne, Te, or Tj. It is not clear whether or not a fully nonlinear theoretical
treatment would exhibit this degree of sensitivity. Still, even with the uncertainties in the
theory result, the calculations are consistent with experiment in that Dye and Dpe are
predicted to be larger than ch_f. The resultant uncertainty in the predicted heat fluxes is
somewhat less. Here, heat fluxes are always expected to be outward, and errors in Q/Q,
are estimated to be about 50%. Finally, the ratios of trace impurity transport coefficients
are the least sensitive quantities studied. Both Vye/Dye and Dye/DFe exhibit about a 15%
uncertainty in this particular case.

IV. CORE TRANSPORT AND HELiIUM ASH ACCUMULATION

The helium ash density in a future fusion reactor depends on the local relationship
between core energy transport and thermal helium transport as well as edge helium
transport and pumping speed.24:25.2627.28, Examined here is the role of the measured
correlation between Dye and ngft and the importance of core helium peaking of the type
measured in the Sroershot in determining central helium content in ITER.

In the limit where the heat flux Q is from alpha particle heating alone, the assumption
that the slowing-down alpha particles do not diffuse leads to an ash source profile shape
that is the same as the heating source profile shape. In steady-state, -V-I'qe = SHe, Where
SHe is the thermal alpha source. The heat source is given by EqSHe, where Eq is the
alpha energy of 3.5 MeV, and -V-Q = EqSHe. For steady state, relating the two equations

of continuity yields
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c(f
dnge . VHe Xtot dT

dr DHC NHe =-ncmdr . (8)
Under some circumstances, this expression can be simplified to reveal the importance

of the relation between local helium particle and energy transport. If the helium transport is

dominated by diffusion and if the electron density profile is flat, then an expression valid

for all shapes of Dy, and x‘fgf but constant x“iﬁ{/DHe is

nHe(r) = Xelg{(r) T(r) + nHC(a) (9)
ne(r) ~ Dpe() B,  ne(r)

From this relation, it is clear that the relation between energy and helium particle transport
is tremendously important. Simple magnetic stochastic considerations yield

/Dy ~ Vmpe/me = 85. If T(0) = 30 keV, ne(0) = 1.35x1020 m-3, and the edge helium
density nye(a) = 0.1ne(a) (required for proper divertor pumping?3), this implies enormous
helium concentrations of 70%, clearly incompatible with sustained ignidon. However, if
x‘fgf[/DHe ~ 1, typical of the values found here for the Supershot and L-Mode, expected
helium concentrations are about 2%.

However, Vy. # 0 in some plasmas, as was clearly seen for r/a < 0.4 in the
Supershot. We investigate the importance of convection in the inner half of a broad
electron density profile plasma by solving eq. (8), using plasma profiles similar to those
used in Ref. 26 for an ignited ITER plasma (r = 3.1 m, T(0) = 30 keV, ne(0) = 1.35x1020
m-3, <ne> = 1.2x1029 m-3 , Zef¢ from carbon = 1.4). An edge helium density of 0.1ne(a)
was assumed. Here we assume that x“igf‘/DHe = 3 throughout the cross section. This
larger value is comparatively pessimistic from the point of view of ash accumulation.

Both the Supershot and L-Mode helium and energy transport coefficients lead to helium
ash profiles that do not quench the plasma burn.26 Results obtained with the nominal L-
Mode and Supershot experimental values of Vye/DHe for r/a < 0.8 expressed as a function
of r/a measured are shown in fig. 12. The L-Mode transport coefficients lead to a predicted
helium profile that is quite broad, despite the presence of a centrally peaked thermal alpha
source. Central helium concentrations are about 8%, consistent with sustained ignition at
these densities and temperatures. Not surprisingly, the profile obtained using the

Supershot transport coefficients is very similar to that measured in these experiments. This
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is because at these densities (Vo/DHe)npe > neXSi/EaDHe(dT/dr). From eq. 8, then,

dnye/dr is determined by core transport, not the thermal alpha particle profile. While the
helium profiles obtained using the Supershot Vye/Dy are strongly peaked, the fusion fuel
dilution in this broad electron density plasma occurs in a region of small plasma volume,
leading to a relatively small decrease in fusion power of about 10%. Of course, if helium
particle convection is important for larger values of r/a than measured here, then the fraction

of the plasma volume occupied by helium ash can be more significant.

V. SUMMARY

These local measurements reveal important similarities and differences in the transport
of low and high Z impurities, electrons, and energy. Among the similarities, the diffusive
transport coefficients measured by perturbations for helium (D), iron (Dge), and
electrons (DP = -0,/dVn,) and the effective electron diffusivity D®f = -TI'/Vn, inferred
from particle balance analysis are radially hollow in all cases and larger than neoclassical
values, except near the magnetic axis.

Particle and energy transport are similar in ordering of the transport coefficients. The
measured particle diffusivities Dy, and D, are larger than the steady-state diffusivity of the
electrons Degf for both the L-Mode and the Supershot. Likewise, the ion thermal
conductivity x"ff is larger than the electron thermal conductivity xeg for both plasmas. The
dominance of the ion channels for both particles and energy is predicted by quasilinear
theory. Even though predictons of D°§f are highly sensitive to uncertainties in the input
data, the magnitude of Deg is smaller than Dy, and Dg, for all cases studied. Also, while
quasilinear theory is in qualitative agreement with experiment in that Q; > Q. for these
plasmas at all radii, Q;/Q. is often predicted to be larger than the experimental value.

Similarities between particles and energy extend to the behavior in the ion channel
between confinement regimes. A reduction in Dy in the Supershot as compared to the L-

Mode for r/a < 0.5 is accompanied by a similar reduction in xeiff.

eff
tot

relation between core helium particle transport and energy transport is favorable with

Because the ion channel
is the dominant energy loss channel in both plasmas, x5, behaves in the same way. This
_Tespect to the issue of helium ash removal in a tokamak fusion reactor.

Inward convection (larger than neoclassical values) for helium is measured for r/a < 0.5

in the Supershot. This is consistent with predictions from quasilinear drift-wave instability
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theory. A broad helium profile is predicted for r/a = 0.5 in the Supershot and r/a = 0.2 and
0.5 in the L-Mode. These predictions are also consistent with the measurements. Core
peaking of the helium profile of the type found in the Supershot will increase the on-axis
concentration of helium ash in a tokamak fusion reactor. However, if the relations between
energy and particle diffusion are similar to those measured here, and if the bulk plasma
density profile is broad, then the helium peaking will result in only a modest loss in fusion
reactivity.

Different particles from the same gas puff do not necessarily transport alike. In the L-
Mode, the density perturbation of electrons arrives in the center L-mode plasmas after the
helium perturbation. The transport coefficients derived from these perturbations reflect
these differences. Also, all impurities do not necessarily have the same transport
coefficients. While Dy, and Dg, are quite similar in the Supershot, Dy, > Dg, near the
magnetic axis of the L-Mode. With respect to these differences between Dy, and D, the
quasilinear theory does quite well. Ratios of Dy, to D, predicted in the quasilinear
framework are found to be within a factor of two of measured values for two different
radial locations (r/a = 0.2 and r/a = 0.5) in both the L-Mode and Supershot. In particular, it
is observed that Dy, is clearly larger than Dg, at r/a = 0.2 in the L-Mode. This is predicted
by the quasilinear theory. These experimental and theoretical results serve as a warning
against using a particle transport measurement of one species as a descriptor of particle
transport in general.

In the Supershot, the electron diffusivity measured from the perturbation is not the

same as the effecdve diffusvity from particle balance. However, the two quantities are

. much more similar in the L-Mode. One possible explanation is that trapped electron and ;

-type dynamics are expected to be present in the Supershot, while 1; effects are expected to
dominate the L-Mode. Trapped electron effects are expected to lead to a stronger nonlinear
dependence of the electron particle flux on the electron density gradient than would be
observed if only 1;-type effects were present.

Future work includes extending the helium and electron transport studies to L-Mode
plasmas of various temperatures and densities in order to study the parametric dependence
of the local transport on local quantities such as n, and T,. These studies will also be
carried out in conjunction with energy transport studies in order to further explore the
relation between helium transport and energy-transport. Use of the local fluctuation levels

as measured by beam emission spectroscopy and reflectometry should allow the
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substitution of measured fluctuation saturation levels into transport calculations in order to

obtain estimates of the absolute particle and energy flux levels expected.
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APPENDIX A. CHARGE EXCHANGE RECOMBINATION
SPECTROSCOPY OF FULLY STRIPPED HELIUM AND HELIUM-LIKE
IRON

The transport of fully stripped helium and helium-like iron have been explored with the
technique of Charge Exchange Recombination Spectroscopy (CHERS). An outline of
CHERS measurement techniques is presented here to aid discussion of issues that can
complicate interpretation of the data.

CHERS measurements take advantage of the reaction
DO+ AZ .-> D+ + AZ-1)» (10)

where DO is an energetic deuterium beam neutral, and AZ is an impurity ion of charge Z.

The product impurity ion is usually created in an excited state that rapidly decays to lower-
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lying levels, radiating photons in the process of the cascade. The local impurity density can
be inferred from the measured brightness of a charge-exchange-excited spectral line if the

local neutral beam density and the rate coefficient for exciting the line are known:

L ZInA<ov>jnojd1 . (1)
41tj

3
B=
=]
Here, B is the brightness of the spectral line, <ov> is the line excitation rate coefficient, ng
is the local neutral density, and np is the local impurity density. The integral is along the
line of sight, and the sum is over the three energy components of the neutral beam, Eq,
Ey?2, and Ey/3.

For both helium and iron, interpreting the measured signals requires knowledge of
charge exchange reaction rates as well as beam attenuation. For helium, electron impact
excitation rates are also required, as discussed below. Since the transport coefficients for
both helium and iron can be deduced from profile shapes rather than from the absolute
amplitude of the the profiles, the absolute values of the of the rates are unimportant. In
general, their energy dependence must be known, but since the beam currents on TFTR are
dominated by contributions from the full energy component, determining profile shapes is
insensitive to uncertainties in the rates.

Measured cross sections from Hoekstra2? and Frieling3? for excitation of the 4686 A
line of He* were used for the full (45 - 50 keV/amu), half (22.5 - 25 keV/amu), and one-
third (15-17 keV/amu) energy beam components. The reaction-rate coefficient for exciting
this transition by charge exchange from the n = 2 level of deuterium beam neutrals, most
important for the one-third energy component of the beam,3! has been estimated using the
Classical Trajectory Monte Carlo Code (CTMC) code of Olson. The population of the n=2
state of the beam neutrals relative to that of the ground state was calculated using the
multistep mean-free path treatment of Boley, Janev, and Post.32 Near the plasma edge,
the one-third energy component is not significantly attenuated. This process increases the
total He+ line emission reaction rate by at most 15% there. The effect has been included in
these measurements.

The energy dependence of the cross-sections for iron was taken from cross-sections for
capture into the n = 19 levels of Fe24+ calculated by Olson33 using the CTMC method.
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This approximation is not reliable below 25 keV/amu. For beam energies below this, the
cross-section was obtained by extrapolation from higher energies. Because the
contribution to the line brightness from the third enerzy component is small, uncertainty in
this extrapolation does not significantly affect the accuracy of the deduced Fe24+ profilcs.
Multigeneration halo atoms produced by charge exchange between beam neutrals and
working plasma ions can contribute to the total brightness of a charge-exchange induced
spectral line in high temperature plasmz..34 The effect has been estimated for these visible
helium and iron lines and is expected to contribute less than 10% to the total signal and has
therefore been neglected.

The impurity ions that undergo charge exchange have ionization mean free paths in the
plasma that can extend up to and beyond a large fraction of the torus circumference. This is
referred to as the ion plume effect.1? Subsequent electron impact excitation of these
product ions can potentially enhance the measured signal over that expected by charge
exchange alone, and delocalize the measured signal from that expected in the ideal charge-
exchange-only situation, especially for low-Z ions. The total brightness of this portion of
the signal is a strong functon of viewing geometry and plasma conditions.

Plume effects been addressed with a time-dependent code that models the total
brightness of the expected signal, including charge exchange and electron impact excitation
effects. In the ccde, trial He2* profile shapes are iterated until agreement between predicted
and observed roral line ' fightnesses is achieved. Because of the geometry of these
experiments, the plume emission is expected to come predominantly from the major radius
of the sightline-neutral beam region. As a result, the time histories of the helium emission
are not significantly affected by the plume. Recent measurements of the plume-to-prompt
signal intensity ratio and spectral line shape modelling for both helium and carbon emission
are in good agreement with model predictions.33

APPENDIX B. INTERPRETATION OF TRACE AND BULK
PARTICLE FLUXES FOLLOWING PERTURBATIONS

Developments in the techniques of local perturbative transport studies and discussion
regarding their interpretation make it appropriate to examine issues relevant to the

determination and interpretation of particle fluxes. Here, a discussion pertaining to the

Y
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differences of interpretation of the results quoted for trace particles (helium and iron) and
bulk particles (electrons) is given.
For both impurity and electron transport experiments, the particle flux of a particular

species is often assumed to be governed by diffusive and convective processes, i.e.
I'(r,t) = -D(r)Vn(r,t) + V(r)n(r,1), (12)

where D and V are constant over the time of the perturbation. If a linear analysis is
performed on the total flux, and if the change in the flux is assumed to be a function of
changes in the perturbed quantity and its gradient, the perturbed flux can be expressed in a

Taylor expansion as

OI' = (aI'/dVn)dVn + (0T/on)dn
= [-<D> - (dD/0Vn)<Vn> + (dV/9Vn)<n>]}dVn
+ [<V> + (dV/on)<n> - (0D/on)<Vn>)én , (13)

where <> denotes steady-state values and 8 refers to perturbed quantities. The derivatives
are evaluated at equilibrium. In the trace impurity limit, the transport mechanisms do not
depend on the presence of the trace impurity itself, implying that the partial derivatives are
zero. In addition, the equilibrium terms vanish for a trace impurity. The perturbed

impurity flux then obeys the same transport equation that applies in equilibrium, i.e.

[2(,t) = - <DZ(r)>Vny(r,t) + <V (r)>ng(r,b), (14)

where D, and V, are determined entirely by background plasma quantities. In this light,
the helium and iron transport results presented here are interpreted as steady-state values.
The issue becomes more subtle when the transport of a bulk plasma species such as
electrons is in question. It has been pointed out that the perturbed flux of bulk particles
may obey a transport equation very different from that applicable to steady-state, even in

the limit of an infinitesimally small puff.1:36.37 For a perturbation of a bulk plasma

- quantity, a small change in the background transport coefficients from an arbitrarily small

perturbation can result in a contribution to the total change in the particle flux, 8I", from the
background particles that is on the order of that due to the transport of the externally applied
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perturbation itself. For an electron density perturbation, the steady-state terms in the
brackets are not zero, implying that their product with the partial deiivatives in eq. 8 are not
ignorable. The transport coefficients Df =-9T¢/dVne and VB = oI ‘dng of the perturbation
of the electrons are then to be viewed as the diffusivity and convectinn of the perturbation.
They are related to, but may not be equivalent to, steady-state values. This has powerful
implications: knowledge of the steady-state transport obtained from parti:le balance and the
perturbation transport coefficients obtained from gas puffing can provice constraints on the
density and gradient dependence of the underlying transport mechanisms.38 The different
interpretations of ch and DB has been underscored in this work and may relate to the

similarities and differences between the two quantities, as is discussed in Section IL.C.3.
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Figure 1. Plasma profiles, mapped to minor radius, for the L-Mode and Supershot.
Measurements were made just prior to the helium gas puff. (a). Electron density n, (b).
Electron temperature T, and ion temperature T;.

Figure 2. Line-integrated electron density during the neutral-beam heated phase of a
Supershot with a helium gas puff at 3.58 s. The shaded region represents the perturbation
to the puff.

Figure 3. Schematic of CHERS system, sightlines, and neutral beams used for these
experiments.

Figure 4. The normalized flux I'ye/nye vs. Vnye/nye for the L-Mode at a point near the
plasma half radius.

Figure 5. Steady-state He2* density profiles and the helium concentration He2+/n,, (in
arbitrary units) for the Supershot and L-Mode. The shaded regions represent experimental
uncertainties. They are largely systematic and are dominated by uncertainties in the neutral
beam stopping cross section and the plume emission correction.

Figure 6. Particle transport coefficients for the Supershot and L-Mode. (a). The helium
diffusivity Dyge. (b). The iron diffusivity Dge. (c). The effective electron diffusivity Degf .

Figure 7. Thermal transport coefficients for the Supershot and L-Mode. (a). The effective

ion thermal conductivity xeiff. (b). The effective electron thermal conductivity xcff. (c).

The average effective thermal conductivity xS

Figure 8. Helium convective velocity profiles for the (a). Supershot and (b). L-Mode.
Local measurements and neoclassical values are shown. The experimental uncertainties
(shaded regions) are predominantly systematic.

Figure 9. Iron convective velocity profiles for the Supershot and L-Mode. Values have
been parameterized since the total iron profile is not known.

Figure 10. (a) Perturbed density change for He2* and electrons following a helium gas
puff for the L-Mode at r/a = 0.4. The data is an averaged ensemlble from the same set of
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L-Mode plasmas. (b). The helium diffusivity Dy, and the perturbative electron diffusivity
DE for the L-Mode. (c). Same as (b), but for the Supershot.

Figure 11. Electron diffusivity DB, inferred from the perturbation, and Dt , inferred from
particle balance, for the (a). Supershot and (b). L-Mode.

Figure 12. Predicted steady-state helium profiles for ITER obtained with the helium

transport coefficients measured in the Supershot and L-Mode and x?gft/DHe = 3. Also

shown is the electron density profile (divided by 4) assumed for the calculation. The
plasma profiles used for the calculations are similar to those used in Ref. 21, for which
time-dependent simulations yield sustained ignition.
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