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Measurements of the spatial structure of the transport coefficients of He?

* on the Tokamak Fusion

Test Reactor is reported. He?* profiles were measured using charge-exchange spectroscopy after a heli-
um puff into corotating L-mode plasmas. Modeling shows that the He?* diffusivity is about 10 m?/s
near the plasma edge and drops to below 1 m?/s inside of the g=1 surface. The convective velocity
ranges from 1-3 m/s near ¢ =1 to 20-40 m/s near the edge. The helium diffusivity is on the order of the
ion momentum and thermal diffusivity and is greater than the electron thermal diffusivity.

PACS numbers: 52.25.Fi, 52.25.Vy, 52.55.Fa

The behavior of helium ash in a tokamak plasma will
be of tremendous importance to the cost and operations
of future fusion devices. The details of the relationship
between thermal helium particle transport and energy
transport will be a determining factor of helium pumping
and plasma current requirements, and may determine
whether a fusion burn can in fact be sustained.'™ De-
tailed knowledge of both helium particle and heat trans-
port coefficients is required to confidently predict the
performance of future fusion devices. Knowledge of lo-
cal transport coefficients allows a more powerful basis for
prediction than does scaling of observed confinement
times from present devices, as such measurements al-
ways contain ambiguities due to source effects, differ-
ences in gradients between experiments, etc. Characteri-
zation of the transport of ionic plasma species also serves
as powerful leverage when comparing experiment to
various transport theories, encouraging the possibility of
using theory-based modeling as a reliable predictor of fu-
ture tokamak performance. Previous measurements of
helium transport are scarce, and those available have
been spatially averaged.*> In this Letter we describe the
first measurements of the spatial structure of transport
coefficients of He?* in a tokamak plasma, and demon-
strate that the techniques used enable detailed compar-
isons between particle, heat, and momentum trans-
port. Charge-exchange recombination spectroscopy®
(CHERS) has been used to measure the time evolutions
of the density of He>* (r) at several radial locations fol-
lowing a helium puff on the Tokamak Fusion Test Reac-
tor (TFTR). The temporal behavior of the He?" density
has been modeled with the impurity transport code
MisT,” allowing the spatial structure of transport
coefficients to be deduced. The transport coeflicients
have indeed been found to have large spatial variations,
increasing by a factor of several between the sawtooth
inversion radius and the plasma edge. Diffusivities and
convective velocities in this region are at least an order of
magnitude above those predicted by neoclassical
theory.®? Inside the inversion radius, transport rates are
reduced, but are still larger than neoclassical values ex-

cept possibly near the magnetic axis.

The plasmas for this experiment had a major radius of
2.45 m, a minor radius of 0.80 m, a plasma current of
1.4 MA, a toroidal field of 4 T, and a discharge duration
of 6 s. These deuterium plasmas were heated with 7
MW of codirected tangential deuterium neutral beam in-
jection from 3.5 to 4.5 s. The average electron density
during the density flattop was 2.5%10'" m ~3/s. The
electron-density peaking parameter, the ratio of the cen-
tral density to the average density n,(0)/{(n,), was 1.6,
typical of most low-density L-mode discharges on TFTR,
while the energy confinement time 7 was modestly
higher than the L-mode value (rg=1.37g, ). The
central ion temperature was 9-10 keV during the beam
flattop, and the central electron temperature was ~35
keV. The central toroidal velocity was ~250 km/s, and
the central Z.y was 4.0. These discharges possessed
sawteeth with ~150-200 ms duration and had an inver-
sion radius at r/a =0.35, where r is the plasma minor
radius and a is the limiter radius. A 16-ms helium puff
was introduced at 4.2 s, well into the equilibrium phase
of the neutral beam pulse. The line-averaged density of
the plasma increased by (2-3)% as a result of the puff;
the electron temperature decreased < 2%.

The CHERS spectrometer was used to view a coin-
jecting heating beam. The neutral-beam-CHERS sight-
line intersection radii are separated by ~0.1 m. The
He?* density evolution after the puff was measured by
following the time behavior of the 4686-A line (n =4-3)
of He'®*, induced by charge-exchange recombination
with beam neutrals. Time resolution for these measure-
ments was 10 ms, and the data from fourteen discharges
were averaged together without regard to sawtooth
phase. Interpretation of measured line brightnesses can
be complicated by the presence of He'* ions (ion plume)
produced by charge exchange and subsequently excited
by electron impact.® For tangential views through the
center of the plasma, the plume brightnesses can rival
the prompt charge-exchange signal and must therefore
be taken into account. He’™ profiles were deduced using
a self-consistent treatment in which trial He?* profile
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shapes were iterated until agreement between predicted
and observed line brightnesses was achieved. Beam at-
tenuation was calculated using the mean-free-path treat-
ment of Boley, Janev, and Post'® and reaction-rate
coeflicients for inducing the n =4-3 transition were tak-
en from measurements by Ciric et al.'' The reaction-rate
coefficient for exciting this transition by charge exchange
from the n =2 level of beam neutrals,'? important for the
one-third (E/3) energy component of the beam, has
been calculated using the classical trajectory Monte Car-
lo (cTMC) code of Olson and Salop.'> Where the E/3
component is not significantly attenuated, this increases
the total line emission reaction rate by at most 15%.
This effect has been included in these measurements.
With central ion temperatures of ~10 keV, charge ex-
change from thermal halos is negligible.'*

The time evolution of the densities was modeled by
solving the one-dimensional continuity equations for the
helium ions:

8/8t(ny)+(1/r)8/8r(rTy) =— Uy +Ry)Ing+1,—ng—,
+Ry+1ng+1 —ng/tut+S,,
(1)

where g is the ion charge, n, is the density of charge
state g, I'y is the radial flux for charge state g, R, is the
recombination rate, I, is the ionization rate, 7, is an
effective loss rate for particles outside the limiter radius,
and S, is a volume source for ¢ =+1 ions due to edge
neutral influx. It is assumed that the helium flux can be
expressed as

T, (r,0) =—=Due(r)a/ar(ng(r,t))+Vue(PIn,(r,e), (2)

where Dy, is the helium diffusivity and V. is the con-
vective velocity. Transport of He't and He?" are as-
sumed to be the same. The neutral helium source has
been programmed into MIST by assuming that the energy
of recycled neutral helium is 0.1 eV, typical of the tem-
perature of a carbon tile on the bumper limiter. The use
of energies lower than this does not affect the transport
conclusions presented here; energies on the order of an
eV or more are unphysical and give time histories of
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FIG. 1. Diffusivity and convective velocity of He>" as func-
tions of radius. Error bars indicate estimated range of accept-

able transport coefficients, including statistical errors and those
due to uncertainties in He** profile shape.

edge densities that cannot be modeled with any values of
Dye and Vie. The time behavior of the He?" source
was deduced from measurements of the 304-A He'™ line
(n=2-1) by a vacuum-ultraviolet spectrometer viewing
along a radial chord at the inner wall limiter, the loca-
tion of most of the recycling. Use of this measurement
of the source eliminates the need for any assumptions re-
garding helium recycling efficiency.

In the modeling, Dy. and V. are constrained to
reproduce the He?" profile observed long after the puff
(> 250 ms). Under this constraint, it is found that no
spatially constant Dy, will reproduce the data satisfacto-
rily. The ranges of Dy, and V. that best fit the data
are shown in Fig. 1. Here, Dy. was allowed to vary
linearly between the radii at which helium densities were
measured. Errors in the inferred transport coefficients
were established by including estimates of the uncertain-
ty of the best fits as well as propagating a + 20% uncer-
tainty in the beam stopping cross sections through the
profile-shape calculations. Less satisfactory fits were ob-
tained near the plasma axis, possibly because sawtooth-
ing effects were not completely averaged out in this en-
semble of data. Still, examination of predicted profile
shapes indicates that the best-fit Dy, increases rapidly
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FIG. 2. Measured He’" density and MIST modeling results for the transport coefficients in Fig. 1 (hollow Dy.) * 30% variations

in the diffusivity (with Dye/V . constrained as discussed in the text).
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with minor radius inside the ¢ =1 surface. Of note is
that the good-fit Dy.(r) varies by over an order of mag-
nitude across the plasma, with the extreme values found
near the plasma boundary and inside the inversion ra-
dius. Figure 2 shows the measured local He?* density at
(a) r=0.65 and (b) r=0.39 m. Error bars represent es-
timates of the statistical uncertainty in the measured sig-
nal brightnesses. Also shown in this figure are MIST
modeling results using Dy.(r) and Vy.(r) of Fig. 1 and
results from varying this form of Dy.(r) by =*30%
(again with Dy./Vy. chosen to reproduce the long-time
He?* profile). Even modest variations in the assumed
diffusivity predict transport times that are outside of the
statistical errors.

Measured and modeled profiles after the puff are
shown in Fig. 3. Figure 3(a) shows the profiles inferred
from CHERS measurements. Note the short time scales
(~350 ms) required for the profile at r/a > 0.5 to reach
its final scale length. However, the time scale required
to reach the final scale length for r/a <0.5 is typically
~ 100 ms, indicative of slower transport there. Figure
3(b) shows the modeled profile shapes from MIST using
the transport coefficients of Fig. 1. Good reproduction of
the measured profiles is achieved. However, the profiles
obtained using the constant Dy, required to match the
data near the plasma edge do not reproduce the mea-
sured time evolutions [Fig. 3(c)]; transport is predicted
to be much too rapid in the interior. A more modest
value of constant Dy, typical of the value near r/a =0.5
from Fig. 1, also fails to reproduce the profile evolutions
observed [Fig. 3(d)].

Thermal and momentum transport coefficients have
been calculated using the 1D steady-state transport code
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SNAP. Figure 4 shows Dy, the ion thermal diffusivity
xi,» the ion momentum diffusivity y,, and the electron
thermal diffusivity y.. Error estimates of y,, x4, and x.
were obtained by performing 100 transport analyses us-
ing the measured profiles (n, as measured by a ten-
channel infrared interferometer, T, as measured by elec-
tron cyclotron emission, and 7; and V, as measured by
CHERS) and other input data simultaneously varied
within their ranges of uncertainty by Monte Carlo sam-
pling a Gaussian distribution for both statistical and sys-
tematic errors.'> Profiles were obtained near the top of a
sawtooth cycle. Interestingly, it is found that Dy.(r)
~xi(r)~x(r) > x.(r) over much of the plasma cross
section (Fig. 4). If electrostatic turbulence is the dom-
inant transport mechanism, this relation between D (r)
and y;(r) is to be expected. If helium can be regarded as
a trace impurity, its transport is not tied to the con-
straints of ambipolarity. The helium ions can then be
expected to transport at a rate comparable to the ion
thermal energy, consistent with Dy.(r) ~x;(r). In con-
trast, these results are in sharp disagreement with mag-
netic turbulence models, which predict that Dy./
2o~ (mo/mye) 2. This work is being carried out in con-
junction with iron transport measurements using
CHERS.'® Indications are that the heliumlike iron
diffusion coefficient is comparatively flat and the convec-
tive velocity is considerably smaller than that found for
He?*. Further examination of the details of the predict-
ed ratios of the helium, iron, and heat fluxes may yield
useful constraints on the scale size of turbulence and in-
formation on rotation effects. Results from such a study
will be described in a more comprehensive publication.

In this context, it has been pointed out that depen-
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FIG. 3. Helium profiles for various times after the puff. (a) Measured. (b) Simulated with MIST with Dy and ¥y from Fig. 1.
(c) From MIST, with Dy =10 m?%/s. (d) From MIST, with Dy =4 m3/s. In (b)=(d), Due/Vne is constrained to reproduce the long-
time (> 120 ms) scale length. Solid circles, t =0.005 s after puff; open circles, t =0.035 s; solid triangles, 1 =0.065 s; open triangles,

t =0.095 s; closed squares, 1 =0.125 s.
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FIG. 4. Helium diffusivity Due(r) with electron thermal
diffusivity x., ion thermal diffusivity x,, and ion momentum
diffusivity y, as calculated with SNAP.

dences of the transport coefficients on plasma parameters
can cause the perturbative phase of the transport to devi-
ate significantly from that in steady state if the transport
coefficients are functions of bulk plasma quantities such
as n,, Vn,, T,, VT., etc.'” Such dependences are predict-
ed by drift-wave theories.'® In the case of electron-
transport experiments with gas puffing, this is especially
important because the fractional change in n, and Vn, as
a result of the perturbation may be the same order as the
fractional change in the transport coefficients themselves.
However, the problem is of greatly reduced order for im-
purity transport experiments involving gas puffing or im-
purity injection. If the fluctuations assumed to be driv-
ing impurity transport are not changed significantly by
the introduction of the impurity itself, then the fractional
change in ny. and Vny, can easily be an order of magni-
tude larger than the fractional change in the transport
coefficients (again determined by bulk plasma parame-
ters). In this experiment, the fraction of ions n;/n, is less
than 2% for helium, far below that of the thermal deute-
rons (~30%), slowing-down beam ions (~15%), and
carbon (~8%), making it unlikely that a large change in
helium transport coefficients results from the introduc-
tion of helium itself. Of course, this issue deserves ex-
amination by introducing various size gas puffs and will
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be the subject of future experiments.
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