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Abstract

The first dynamic (time-dependent) measurements of impurity ion radial (cross-field) and
parallel (along-field) diffusion coefficients for post-disruption runaway electron plateaus are
presented. Small (~ 1 mm diameter) carbon or silicon pellets are fired into the edge of steady-
state runaway electron (RE) plateaus, and the resulting radial and toroidal transport of singly-
charged impurity ions (C*or Si*) is monitored with spatially distributed visible spectrometers.
Consistent with previous steady-state particle balance estimates of Ar* radial transport, radial
(cross-field) diffusion coefficients D, =~ 2 — 5 m?/s are obtained, about 10X larger than
expected from neo-classical theory. Parallel diffusion coefficients Dy ~ 30 — 80 m? /s are
estimated, also much (=50X) larger than classical. It is speculated at present that these large
diffusion coefficients may be due to turbulent transport. Indications of fairly significant (almost
2X) toroidal variation in electron density is seen in the RE plateaus, and this appears to cause
some toroidal variation in impurity radial diffusion rates. Indications of slow (=1 Hz) toroidal
rotation in the impurity ions are observed, although the uncertainty in this measurement is large.

I. Introduction

The possibility of first wall damage as a result of disruptions is a significant concern for ITER
and other future large tokamak concepts, requiring the development of techniques to minimize
wall damage in the event of an unavoidable disruption'>3. Presently, ITER envisions using a
two-step approach for disruption mitigation: first, a mixture of H, and Ne will be injected into
the disrupting plasma prior to the thermal quench (TQ) to attempt to improve TQ radiation
symmetry and minimize localized radiated or conducted heat loads to the first wall. Second, in
the event of the subsequent post-current quench (post-CQ) formation of a large current-carrying
runaway electron (RE) beam (RE plateau), a further “second injection” of H, and Ne could be
performed to try to minimize RE-wall strike damage. The material delivery for both first and
second injections is planned to be done using shattered pellet injection (SPI)*>.
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For first injection, it is envisioned to use mostly H, and a trace (of order 1%) quantity of neon to
give sufficient radiative efficiency for radiating away the initial plasma thermal energy. For the
second injection, two distinct approaches have been proposed: low-Z secondary injection, where
only H, (or D,) is injected, or high-Z secondary injection, where dominantly Ne (or Ar) is
injected. The two approaches have quite different results on the subsequent RE plateau behavior.
Low-Z second injection tends to slow RE plateau current dissipation and vertical drift and results
in one or two large final loss instabilities when the RE plateau strikes the wall®’. In contrast,
high-Z second injection tends to result in increased current dissipation and vertical drift and
tends to result in a large number of small final loss instabilities®®. Ion/neutral transport also
appears to be quite different in the two approaches. In general, injected pellets appear to be
vaporized at the RE plateau edge by RE heating, so ballistic pellet penetration into the plasma
appears to be minimal °!°. However, for sufficiently large low-Z second injection, the
background thermal plasma is cooled by the injected H, (or D, gas) to the point of volume
recombination so that subsequent ion/neutral transport is dominated by neutral
diffusion/convection®. For high-Z injection, in contrast, neutrals mostly remain excluded from
the RE plateau and impurity inventory is dominated by low charge-state ions'"!2.

Choosing between low-Z and high-Z approaches for the ITER 2" injection is challenging, and
complete modeling of the 2™ injection process (including injection, impurity assimilation,
vertical drift, final loss instabilities, and RE-wall interaction and melting) has not been
undertaken yet, although modeling efforts addressing isolated elements of this process are
progressing rapidly'>!'*!15. An important unknown element in this ongoing modeling/prediction
effort is the rate of injected impurity ion transport into the RE beam. Impurity ion transport is
important for determining the initial RE plateau impurity content and current dissipation; it
becomes less important after recombination following low-Z second injection, and then may
become important again during the final loss process, if there is re-ionization following final loss
instabilities. For high-Z second injection, impurity ion transport is of central importance
throughout the RE plateau lifetime.

At present, the only estimates of impurity diffusion into RE beams have been done in a static
sense: semi-steady profiles of radiated power and electron density were taken, and the
approximate radial diffusion coefficient of the main ion species (Ar*) needed to balance the
ionization source term was estimated. Anomalously large (compared with standard “neo-
classical” collisional diffusion) radial diffusion coefficients of order D, ~ 1 — 5 m?/s were
obtained'".

Here, we present the first measurements of the impurity ion diffusion in a RE plateau using
dynamic (time dependent) measurements. Small, non-recycling (carbon or silicon) pellets are
fired into the edge of relatively steady-state RE plateaus using an impurity granule injector'®.
The subsequent transport is monitored with visible spectroscopy and analyzed by fitting to a
diffusion model; this basic technique has been used quite frequently for impurity transport
studies in thermal plasmas in tokamaks'’, stellarators'®, and linear devices'®. Consistent with the
previous steady-state particle balance estimates, radial (cross-field) diffusion coefficients D, =~
2 — 5m?/s are obtained. A slight increase in D, with decreasing mass is indicated by the data.
The data suggests that D, increases with plasma density and is toroidally asymmetric, i.e. radial
diffusion appears faster on the side of the machine with larger electron density. Estimates of
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toroidal transport are also obtained. Parallel diffusion coefficients Dy = 30 — 80 m? /s are
obtained, also much (=50x) larger than classical. Some indications of slow (=1 Hz) toroidal
rotation in the impurity ions are observed, although the uncertainty in this measurement is of
order unity. Overall, the results of this paper indicate that impurity ion diffusion timescales
(radial and toroidal) will be significantly slower than vertical drift timescales in future reactor-
scale tokamaks. Predicting the effectiveness of impurity injection at mitigating RE-wall damage
in these future devices will therefore need to take into account the possibility of incomplete
mixing at the time of RE-wall impact.

I1. Experimental setup

The experiments described here were performed on the DIII-D tokamak?’. An overview of the
main diagnostics and pellet injectors used here is shown in Fig. 1. Two pellet launchers are used
for the impurity transport experiments, both firing into the plasma outer midplane — a cryogenic
argon pellet injector at toroidal angle ¢ = 135° and a solid (C or Si) pellet injector at toroidal
angle ¢ = 270°. Separately, a third pellet injector is used only for imaging the solid (C) pellet +
RE beam interaction; this pellet injector has a vertical upward launch at ¢ = 150°. The main
diagnostic used here to measure impurity transport is a 12-chord tangentially-viewing visible
spectrometer array, shown by red view chords in Fig. 1(a). Additional important diagnostics
include Thomson scattering to measure plasma electron temperature and density, two
interferometers to measure electron line density at two different toroidal angles*?, a foil
bolometer array to measure total radiated power, and a downward-viewing UV spectrometer.

(a) Top view . (b) Side view
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Fig. 1. (a) Top and (b) Side views of DIII-D tokamak showing main diagnostics and pellet
injectors used in these experiments

Time traces outlining the time sequence of these experiments is shown in Fig. 2. First, an inner
wall-limited deuterium plasma is ramped to 1.2 MA toroidal current and shut down at time ¢ =
1200 ms with cryogenic Ar pellet injection, Fig. 2(a). Gyrotron heating, Fig. 2(b), is used to

produce a fairly hot (2 — 3 keV) initial target plasma which will give significant RE production
during shut down. In the shot shown in Fig. 2, the central pre-disruption (¢ = 1190 ms) electron
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density is n, = 2.5 X 10'3 cm™3, while the central pre-disruption electron temperature is T, =
2.8 keV. Strong RE formation can be seen from the large hard x-ray (HXR) signal from the RE
plateau which forms at t = 1200 ms. This plateau is held fairly constant in current and position
until t = 1600 ms, at which point the current channel is pushed downward and allowed to
terminate on the lower divertor.

In the middle of the RE plateau, typically around t = 1400 — 1500 ms, a small solid pellet (C or
Si) is fired into the RE plateau radially, giving a small pulse of impurities at the RE plateau edge.
The Ar pellets used contain 15 Torr-L of Ar, while the initial electron density and deuterium
number of the target plasma is approximately 5 Torr-L, so the resulting RE plateau is expected to
consist of roughly 15 Torr-L Ar and 5 Torr-L D. The small solid (C or Si) impurity pellet
contains approximately 1 Torr-L of atoms, which is expected to cause relatively little
perturbation to the global RE plateau dynamics. Consistent with this, a small (~10%)
perturbation to local electron density is seen on carbon pellet impact, Fig. 2(d), but no significant
changes to loop voltage, global radiated power, or electron temperature are seen, Fig. 2(e-g).

The centered RE plateaus used in these experiments are usually quite MHD stable. For example,
in the middle of the RE plateau in Fig. 2, = 1500 ms, toroidal magnetic field is By=2.1 T,
toroidal current is Ip = 240 kA, and edge safety factor is quite high, q, = 6.
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Fig. 2. Experimental time traces showing (a) plasma current, (b) gyrotron power, and (c) hard x-
ray signal; and zoomed time traces showing (d) line electron density, (e) loop voltage, (f)
radiated power, and (g) central thermal plasma electron temperature (from Thomson scattering).
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Fig. 3. Imaging of C pellet injection into RE plateau from below, showing (a) camera view
geometry and (b,c) images of exploding C pellet fragments at two time steps. Red arrows show
velocity vectors for several fragments.

The deposition of C (or Si) from the second impurity pellet is expected to be highly localized in
time (~ 1 —2 ms) and space (~40 cm toroidally) relative to experimental time scales (50 ms) and
dimensions (5 m toroidally), as discussed below. REs are expected to cause rapid volumetric
heating throughout the injected pellet volume, leading to explosion of the pellet at the RE beam
edge®?3. Although imaging of the pellet/plasma interaction region was not visible for the ¢ =
270° injection, visible camera imaging for similar (solid 1 mm carbon) pellets was available for
pellets launched upward from below the RE plateau, as shown in Fig. 3. This imaging did see the
pellet exploding into glowing fragments with apparent fragment velocities of order 50 m/s, and a
small apparent impurity deposition region perhaps 40 cm across (poloidal/toroidal extent). This
is supported by previous imaging of plastic pellet injection into RE plateaus’® and also
experiments with neon shattered pellet injection into RE plateaus, which found deposition
characteristics very similar to gas injection to the RE plateau edge'®. These images cannot
accurately separate radial and poloidal positions of the fragments, so the radial deposition profile
resulting from the impurity pellet is not known, but is thought to be fairly shallow (perhaps 10
cm), i.e. mostly confined to the RE plateau edge.

II1. Data analysis

The principal diagnostic used here to study impurity ion transport in the RE plateau is a multi-
chord visible spectrometer, Fig. 1(a). Data is taken along 12 tangential view chords, but typically
a subset (perhaps half) of these are used in the analysis, since additional view chords are not
found to significantly improve constraint of the diffusion coefficients past a certain point.
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Sample spectra are shown in Fig. 4. The main lines used in these experiments are C-1I 658 nm
(to study C* transport) and Si-II 598 nm (to study Si* transport). C-II lines can be seen to clearly
increase following C pellet injection, while Si-II lines are shown to clearly increase following Si
pellet injection.
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Fig. 4. Sample visible spectrometer spectra before (black curves) and after (red curves) impurity

pellet injection showing (a) C-II lines following C pellet injection and (b) Si-II lines following Si
pellet injection.

As can be seen in Fig. 4, the visible spectra can be complicated by the presence of initial
“intrinsic” carbon C-II lines and the presence of Ar-II lines. These line contributions are
corrected for with the use of “reference” shots, with the same experimental conditions but no
impurity pellet injection, as illustrated in Fig. 5. Figure 5(a) shows time traces of line
brightnesses showing C-1I and Ar-II as a function of time following C pellet injection. Figure
5(b) shows the same measurements but for a reference shot. To arrive at the “pulsed” C-II signal
(due to carbon from the pellet only), it is assumed that any Ar-II contribution in the C-1I
bandpass has the same time dependence as the nearly Ar-II line (654.8 nm). Additionally, it is
assumed that the intrinsic C-II signal during the pellet shot has the same time dependence as the
C-II signal during the reference shot. The Ar-1I and intrinsic C-II contributions are then
estimated by scaling the reference shot C-II and Ar-II signals linearly to best match the pre-pellet
C pellet shot data. This scaling factor is normally quite close to unity (0.9 to 1.1), as the shots are
fairly repeatable. After this background subtraction, the pulsed C-II brightness, Fig. 5(c) is
obtained. Similar analysis is done for Si pellet injection shots to correct for Ar-I1, although in this
case there is no intrinsic impurity signal, so only the Ar-II line at 597.8 nm needs to be
subtracted.
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Fig. 5. Time traces of (a) C-1I and Ar-II brightness for a shot with C pellet injection, (b) C-II and
Ar-II brightness in a shot without C pellet injection, and (c) the background-subtracted pulsed C-
II brightness.
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Fig. 6. Radial profiles of (a) thermal electron temperature from TS, (b) thermal electron density
from TS, (c) radiated emissivity from the bolometer array, and (d) runaway electron density
estimated from the radiated emissivity profile.

To interpret the measured impurity line brightnesses, it is necessary to know the background
plasma electron density and temperature. The impurity line brightness will be proportional to
impurity ion density and roughly proportional to electron density (some deviation from linearity
with n, occurs at due to the presence of REs and due to collisional-radiative effects). We
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approximate the RE plateau plasma as consisting of a thermal background plasma with
temperature 7., and density 7., plus a mono-energetic RE plasma with effective density nre. Te
and nre are assumed to be functions of minor radius p = /a only. A constant RE kinetic energy
Kre =10 keV is assumed at all radii, as justified later. In the data analysis, we allow for ann =1
(cos) toroidal variation in n.. As mentioned above, the RE plateau contains about 15 Torr-L of
Ar, 5 Torr-L of D, and (after C pellet injection) 1 Torr-L of C, so Ar* is the dominant ion species
in the RE plateau and will dominantly determine the electron density. During the TQ/CQ of rapid
shutdowns caused by Ar injection, Ar ion toroidal transport is reasonably rapid, with a 2 — 3 ms
toroidal transport timescale in DIII-D ¢, However, shutdown by Ar pellet injection is quite rapid
(TQ + CQ duration ~ 5 ms) and Ar ions are not necessarily fully toroidally mixed by the RE
plateau onset, at which point ion toroidal transport becomes very slow, with a >100 ms
timescales. This is demonstrated later in the paper where parallel ion diffusion coefficients of
order Dy ~ 30 — 80 m? /s are obtained; together with a toroidal distance scale length (half way
around the torus) of order 5 m, this gives a toroidal diffusion time scales of order 300 — 800 ms.
ne is assumed to be a separable function of minor radius and a cosine toroidal shape: n, =

A(p) x (1 + Bcos(¢ - ¢)peak,N)) with the radial shape determined by the TS profile at ¢ =
120°, Fig. 6(a). Ar* is assumed to have the same toroidal structure 1, , ~ (1 + Bcos(d) -

¢peak'N)), so that the total radiated emissivity (dominated by Ar ion line emission and roughly

2
proportional to n,ny,,) can be assumed to have a (1 + Bcos(d) - d)peak,,\,)) toroidal

dependence, corresponding roughly to a cos? shape. The coefficients A and B and the toroidal
angle of peak density ¢peqx v can be estimated by fitting to line-integrated density measurements
at different toroidal locations, as well as line-integrated Ar-II brightness at different toroidal
locations, as shown in Fig. 7. Typically, peak density angles in the vicinity ¢peqrn = 60° are
obtained, indicating that the peak plasma density is slightly counterclockwise from the Ar pellet
injection location ¢ = 135°. The peak density angle typically appears to rotate slightly during
the course of the experiment, Fig. 7(c). As expected, the overall amplitude of the electron density
toroidal asymmetry slowly decreases over time during the RE plateau lifetime, Fig. 7(d). Two
similar shots with different carbon pellet injection times are shown in Fig. 7(c, d) to illustrate that
the change in peak density angle and decay in density asymmetry seen in the data are roughly
repeatable shot-shot and are only slightly perturbed by the smaller C pellet injection.

The effective RE density profile can be estimated for a given RE kinetic energy Kre, using the
known stopping power of fast electrons on impurity ions and atoms, and balancing this with the
reconstructed radiated emissivity profile, Fig. 6(c). This neglects radial heat transport by ions or
neutrals compared with radiative loss, which is expected to be a reasonable assumption for these
plasmas®. This also neglects UV line trapping, which is not expected to be entirely negligible in
these plasmas, but correcting the reconstructed radial emissivity profile for UV line trapping is
extremely challenging and is not attempted here. The choice Kre = 10 keV is much lower than
the typical (K~ 1 MeV) or upper (K~ 10 MeV) kinetic energies in the RE energy distribution
function but is used because it is the upper electron energy presently allowed in the PrismSPECT
collisional-radiative code 2. The precise energy chosen for Kz is not expected to be important
here, as long as Kre is chosen much greater than typical excitation energies of importance, since
RE density nreis a scalable parameter. The approximate magnitude of the error introduced by
this approximation in the collisional-radiative model kinetics can be estimated by looking at the
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ratio of excitation rates to lowest-lying electronic states versus those of highest-lying electronic
states. For Ar*, the lowest lying energy levels lie approximately 13 eV above the ground state,
while the highest energy levels lie about 27 eV above the ground state. In the Bethe
approximation?®, the electron-impact excitation cross-section of a dipole transition has an
electron kinetic energy K dependence o~1/K, so there is no error introduced by changing Kz,
ie. :—iz (K =10keV)/ :% (K =1 MeV) =1, where :% is the dipole excitation rate going from
ground state to 27 eV upper states divided by excitation rate going from ground to 13 eV upper

states. In the plane Born approximation with BE scaling, the cross section has a kinetic energy
dependence ~1/(K + E + B), where E is the excitation energy and B is the binding energy?’.
This results in a ratio ? (K =10 keV)/? (K = 1 MeV) =~0.9986, i.e. an error of less than

12 12

0.2%.

30 g5————————————
2 AN (a) Ne (Torr-L) 80 #185030
20 e Ne,0 75 85027 ‘
15 |
) 70|
10 cos fit () dpeakN |
65 (Degrees)  Cpellet fio4~-0.14 Hz
5 n n n n n
0.8 0.7
(b) Ar-ll
0.6 (105 photons/cm?/s) 0.6
. #185027
047 opeakN \cos? fit
0.5 #185030
0.2 | #185027 (d) SNg/N
0 t=1500 ms 0.4
360 1300 1400 1500 1600

¢ ([;:gorees) Time (ms)
Fig. 7. (a) Line-integrated electron density and (b) line-integrated Ar-II brightness as a function
of toroidal angle, as well as cos and cos? fits; and (c) toroidal angle of peak density vs time and
(d) thermal electron density toroidal asymmetry amplitude vs time.

Once the background density and temperature have been estimated, the expected line-integrated
impurity line brightness (C-II or Si-II) can be estimated for a given spatial impurity distribution.
Here, we assume that the injected impurities are non-perturbative, so (small) local changes in
electron density or temperature due to the presence of the small impurity injection are ignored,
although the slow evolution of electron temperature, as captured by the bolometers and TS, and
toroidal variation of electron density, fit as discussed above, are included. C-II and Si-II line
brightnesses are estimated using PrismSPECT. Thermal and RE excitation is included
simultaneously with the REs approximated as mono-energetic as discussed above. The
simulations are local to each radius, although the (small) effect of UV line opacity on visible line
emission is approximated using a homogenous slab escape factor approximation. The
simulations are run non-equilibrium in charge state, since charge state equilibrium can take tens
of ms to achieve in these conditions. Injected atoms are initialized as neutrals and tracked
through charge states during their diffusion through the plasma. The equilibrium charge state
distribution in these plasmas is typically dominantly singly ionized, but with a non-negligible
fraction of doubly ionized ions.

The effect of RE excitation on visible lines is found to be non-negligible in these experiments.
This is illustrated in Fig. 8, which shows measured and predicted C-II and C-III line brightnesses
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from intrinsic carbon as a function of time during a reference shot (without C pellet injection).
To predict intrinsic carbon brightness, a uniform carbon fraction is assumed initially (at the start
of the RE plateau). This fraction and a single radial diffusion coefficient are then varied in a 1D
(radial) diffusion model to best match the line-integrated C-II brightness vs time (including both
thermal and RE excitation), shown by the red curves in Fig. 8(a). Turning off RE excitation gives
a drop of about 4X (initially) and 10X (at the end of the shot) in predicted C-II brightness, black
curve in Fig. 8(a). The effect is even more dramatic for C-III, where a drop of 100X (initially)
and 1000x (at the end of the shot) is predicted for C-III brightness. It can be seen in Fig. 8(b)
that C-III is poorly matched, even when including RE excitation. UV lines are much more
affected by opacity here than visible lines and are therefore much more challenging to model;
visible lines are therefore used for this study.
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Fig. 8. Measured and modeled intrinsic carbon line brightnesses vs time with and without RE

impact excitation included for a shot without C injection showing (a) C-1I 658 nm and (b) C-III
97.7 nm.

To match line-integrated visible C-II line brightnesses for C injection experiments (or Si-II line
brightnesses for Si injection experiments), a 3D diffusion model is used. Cross-field poloidal
diffusion is assumed to be the same as radial diffusion, so the main free parameters varied in the
diffusion model are D, 1in> D1 maxs Dy» frot» and My, . These free parameters are assumed
constant in time and spatially throughout the diffusion experiment. D, ,,,;, and D, ,,,, are the
minimum and maximum perpendicular (radial) diffusion coefficients, with the maximum being
at toroidal angle ¢ = ¢peqi,p and a cosine shape filling in the toroidal variation of D, between
D, min and D 1,4, There is no physics basis for this cos shape, but this shape could be
reasonable if, for example, D, is proportional to n, (which is also being fit to a cos shape
toroidally). Typically, it is assumed that ¢ppear,p = Ppeak,n » i-€. the toroidal peak in diffusion
occurs at the same location as the toroidal peak in density. This assumption was tested by a
sensitivity scan where ¢peqr,p Was varied, shown later, confirming that ¢peqip = Ppeain
within the scatter of the data. my,, is the injected pellet mass. The impurity pellets have a pellet-
to-pellet size variation of about a factor of 2 and unknown deposition efficiency after shattering,
so the pellet mass is left as a free parameter and varied to best match the data. The pellet impact
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time at the plasma is taken from the rise in local electron density, Fig. 2(d), cross-checked with
the timing of a local photodiode measurement of pellet light. The initial neutral deposition is
assumed to be localized toroidally and poloidally to the pellet injection location with a 50 cm
diameter poloidal/toroidal spot size and at minor radius of p = 0.8. A sensitivity study was
performed and showed that the precise deposition depth (e.g. p = 0.7 vs p = 0.8) and width (e.g.
a 30 cm spot size vs a 50 cm spot size poloidally) did not significantly affect the resulting
predicted signals at the toroidally distant visible spectrometers. Poloidal transport due to field
line helicity moving toroidally around the tokamak was included in the model but was found to
produce only a small (~5%) change in the resulting fit values of D, , which is small compared
with the uncertainty typically estimated from the fit quality (~25%).

Figure 9 shows line-integrated pulsed C-1I brightness data and fits to the data using the 3D
diffusion model. It can be seen that reasonably good fits (typically within better than 10%) to the
time traces can be achieved. For clarity, four view chords are shown here, although fits can be
done to all 12 available view chords, with similar results. It can be seen that the toroidally closer
view chords T29 and T31 (around ¢ = 200°) see signal first but then the radially deeper,
toroidally more distant view chords MO1 and M40 (around ¢ = 0°) take longer to decay. The
initial signal rise more strongly constrains the toroidal rotation and diffusion in the 3D model,
while the signal decay more strongly constrains the radial diffusion.
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Fig. 9. Time traces of pulsed line-integrated C-II brightnesses for a C pellet injection experiment
showing measurements (solid curves) and fits using 3D diffusion model (dashed curves). Values
of toroidal angle ¢ and minor radii p refer to point of minimum p for each view chord.

IV. Results

Radial diffusion coefficients as a function RE plateau current are shown in Fig. 10. The points
marked “C* data” and “Si* data” are from the C and Si pellet injection experiments with 3D
diffusion model fits, as discussed above. Toroidally average values D; = (D} yin+ D} mqy)/2 are
shown. The main result of this data is that the radial diffusion coefficients are quite large,
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typically of order D, ~ 2 — 5 m?/s . These values are roughly consistent with estimates of Ar*
ion radial diffusion in the RE plateau made from a steady-state 1D diffusion model, described
previously, which balances the ionization source term of Ar ions with radial loss to the wall of
Ar ions. Some rise in D, with Ip may be indicated in this data, although this is only seen in one
data point, so the statistics are poor. The mass dependence of D, does not appear very strong,
although there is some indication of a slight decrease in D, with mass when comparing C and Si
data points.

The dashed curves in Fig. 10 show estimates of cross-field diffusion coefficients from neo-
classical theory. In the RE plateau plasmas, assuming ion temperatures T; = T,, most ions are in
a medium-high collisionality regime p; < 1 < gR, where p; is the gyro-radius, A is the ion mean
free path, g is the safety factor and R is the major radius. A small fraction of ions are in the high
collisionality regime A < p; . The neo-classical radial diffusion coefficient is expected to be of
order D p =~ vp? in the magnetized fluid regime A = p; , where v is the ion-ion collision
frequency, and of order D, ps = q?vp? in the Pfirsch-Schluter regime A ~ qR. Here a simple
interpolation is done between these two, i.e. it is assumed D; = D, p at A = p; and increases
linearly to D; = D, pg at A = qR. For highly collisional ions with A < p;, the unmagnetized fluid
diffusion coefficient Dy, = vA? is used. The dashed curves in Fig. 10 are profile-averaged neo-
classical diffusion coefficients for different species. These can be seen to be of order D, ~ 0.2 —
0.5 m?/s, so about 10x lower than the measured diffusion coefficients. The assumption T; = T,
used here is expected to be realistic, since ion-electron temperature equilibration timescales

T;, are quite short: even for heavy Ar* ions, 7;, &~ 0.5 ms, so much shorter than ion transport
timescales. Ion temperature has been measured spectroscopically for C* ions in these plasmas
and T; = 1.6 eV was measured 3, consistent with T; ~ T,. If T; were slightly different from T, it
would not affect the comparison if Fig. 10 significantly, since neo-classical diffusion is only

weakly dependent on T; , i.e. D LB~TL._1/ Z,
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ol . .
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10° . . . . .
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Ip (kA)
Fig. 10. Measured cross-field diffusion coefficients (circles) vs plasma current, as well as neo-
classical values (diamonds).
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The measured cross-field diffusion coefficients displayed in Fig. 10 are a toroidal average; as
discussed above, the fits actually indicate that D, is higher on the high density side of the
machine. This toroidal variation is illustrated in Fig. 11(a), which shows D, ,,;, (points at lower
ng) and D, 4, (points at higher n,) for C and Si. Overall, despite the large scatter in the data, it
can be seen that there appears to be a clear increase toroidally in D, from the low density (¢ =
Ppeak,y — ) to high density (¢ = ¢peqr,n) side of the machine.

Figure 11(b) shows the toroidal angle of peak density ¢peqr,y for different shots, as well as the
toroidal angle of peak diffusion ¢,¢qr,p Obtained by allowing this to be a free parameter in the
diffusion model. It can be seen that the two peaks coincide within the scatter of the data, so peak
radial diffusion occurs at peak density toroidally. This peak can be seen to be slightly rotated
counterclockwise away from the Ar pellet injection location. Overall, the data indicates that the
radial diffusion increases with density and therefore rises to a peak at toroidal angle of peak
density @peqk,y- Overall, the method of fitting to peak density ¢peqk,n appears to be more
strongly constrained and direct than the angle ¢pqk p Obtained from the diffusion model.
Therefore, the diffusion and rotation coefficients shown here, Fig. 11a, and Fig. 12, do not keep
Ppeak,p as a free parameter and instead force Ppear,p = Ppeak,n- thus reducing the number of
free parameters in the diffusion model.
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Fig. 11. (a) Variation in radial diffusion coefficient with electron density showing higher
diffusion coefficient at higher density at similar plasma current. Dashed lines are simply linear
fits to data. (b) Toroidal angle of peak diffusion and toroidal angle of peak density vs impurity
ion atomic number at similar plasma current, showing that peak density occurs slightly
counterclockwise from Ar pellet injection location and also that peak density and peak diffusion
occur roughly at same toroidal location.
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Figure 12 shows data on toroidal transport of injected impurities at similar plasma current. Fig.
12(a) shows the fit parallel diffusion coefficient D, while Fig. 12(b) shows the fit toroidal
impurity rotation frequency f;.,;. Overall, it can be seen that the parallel diffusion is fairly rapid,
Dy ~ 30 — 80 m?/s. Expected profile-averaged classical parallel diffusion Dy & Dy ~ vA? is
shown by red points in Fig. 12(a); these points can be seen to be of order Dy =~ 2 — 4 m?/s, so
about 20X lower than the measurements.
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Fig. 12. (a) parallel diffusion coefficient data and collisional theory, and (b) impurity toroidal
rotation frequency vs impurity ion atomic number at similar plasma current.

V. Discussion

The main result of this work is an improved measurement of the radial diffusion coefficient in a
RE plateau and a first estimate of the parallel ion diffusion coefficient. Previous estimates of the
radial diffusion coefficient have been done but involved a steady-state ionization balance and
had much larger uncertainty than the pulsed deposition experiments done here. In both radial and
parallel directions, the diffusion is found to be much (10X or more) larger than expected for
classical collisional diffusion, suggesting a contribution from turbulence, such as for example,
drift wave turbulence, which is known to enhance transport in highly collisional, cold plasmas
Another possibility is a strong radial ion mobility. These RE plateaus do appear to have a large
positive plasma potential'!, so it is possible that there is an enhanced radial ion loss due to the
resulting positive radial electric field.
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At present, it is not known what the size scaling of RE plateau anomalous impurity diffusion is.
However, assuming no or weak size scaling as a starting point, it is clear that high-Z 2" injection
in ITER will give an extremely inhomogeneous impurity deposition in the RE plateau. The RE
plateau vertical drift time scale (and RE plateau lifetime) in ITER is expected to be of order 100
ms *°. Assuming D; = 50 m?/s gives a time scale for impurities to go halfway around ITER
toroidally of about 8 s. The time scale to reach the center of the RE plateau in ITER by radial
diffusion, assuming edge deposition and D; = 2 m?/s is about 2 s, so also much longer than the
RE plateau lifetime. Future modeling to try to predict the effect of 2" injection in ITER will
therefore need to take into account the possibility of this very slow and incomplete impurity
mixing during the RE plateau lifetime.

In the analysis above, sputtering from the wall during the experiments was ignored. Comparison
between pulsed and intrinsic carbon decay rates indicates that wall sputtering is a small (of order
1%) effect in the pulsed deposition experiments and can therefore be ignored. As an example,
Fig. 13 shows pulsed and intrinsic carbon number as a function of time, estimated from fits to C-
II brightnesses using 3D and 1D models, respectively. It can be seen that, at early times, there is
of order 1 Torr-L of pulsed carbon and of order 0.2 Torr-L of intrinsic carbon in the plasma. The
decay time scale of pulsed carbon is of order 100 ms, compared with about 300 ms for intrinsic
carbon. Assuming a wetted area of about 10 m?, the plasma is interacting with (trying to sputter)
of order 15 Torr-L (5 x 102%) C atoms on the wall. Setting the diffusive loss time scale of
intrinsic carbon to 100 ms, the 300 ms intrinsic decay time scale gives an estimated sputtering
time scale of 10 s for wall carbon atoms. The relative effect of sputtering on the pulsed
(background subtracted) carbon signal can then be estimated by comparing 1 Torr-L/0.1 s = 10
Torr-L/s diffusive loss rate with 1 Torr-L/10 s = 0.1 Torr-L/s sputtering rate of pulsed carbon
ions, giving a 1% effect.
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Fig. 13. Pulsed and intrinsic carbon content vs time showing difference in carbon content decay
rates.

In addition to the main focus of measuring radial impurity diffusion, this work has shown some
evidence for toroidal impurity ion rotation in the RE plateau. The fits to the rotation of the
electron density peak seem to give fairly slow counterclockwise toroidal rotation values of order
0.1 — 0.2 Hz in the middle of the RE plateau, Fig. 7(c). On the other hand, the fits to the transient
carbon or silicon ion impurity diffusion tend to somewhat larger toroidal rotation values of order
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1 —3 Hz, Fig. 12(b). At present, it is not clear how to reconcile these two different results. It is
perhaps plausible that the toroidal electron density asymmetry is maintained by larger local
recycling, from e.g. a weak n = 1 kink structure leaning on the center post or a higher density
neutral Ar cloud remnant from the initial Ar pellet injection. The faster net ion rotation could
perhaps be driven by a different mechanism, such as ion orbit loss 3!. Even at several Hz,
however, this effect is fairly small (acting on a 1 s timescale) and does not dominate the impurity
ion toroidal transport.

In conclusion, impurity ion diffusion (radial and toroidal) in the RE plateau is measured here for
the first time using transient (pulsed) impurity deposition into the RE plateau. If applicable to
larger tokamaks, these results suggest that radial and toroidal impurity transport will be
significantly slower than vertical drift timescales in future reactor-scale tokamaks. It could
therefore be that massive high-Z injection for RE plateau current dissipation will be less effective
than is observed in present devices. Predicting the effectiveness of impurity injection at
mitigating RE-wall damage in future devices will therefore need to take into account the
possibility of incomplete impurity mixing.
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