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Use of high-z wall materials attempts to shift the fusion challenge from heat handling to impurity
removal. We demonstrate that not only the impurity density in-out asymmetry, but also the poloidal
flow, have a major impact on the radial impurity flux direction. This realization provides the first
method of measuring the flux from available diagnostics, without the need of a computationally
demanding kinetic calculation of the full bulk ion response. Moreover, it affords insight into optimal
tokamak operation to avoid impurity accumulation while allowing free fueling.

I. INTRODUCTION

Tokamaks are currently challenged by the large radia-
tive energy losses produced when highly charged divertor
impurities are absorbed through the pedestal and accu-
mulate in the core of the plasma [1]. This can compromise
tokamak performance in JET-ITL [2–4] and ASDEX-
Upgrade [5], that mimic the ITER tungsten divertor, and
in Alcator C-Mod with its molybdenum divertors [6].

Fusion performance can be substantially improved by
reducing the inward radial impurity flux and, even bet-
ter, changing its sign such that impurities are naturally
pumped out of the plasma core. To preserve ambipo-
larity [7], background ions that fuel the plasma must go
inward when the impurities go outward. Determining
how to measure radial impurity flux across the pedestal
and discovering its driving forces could thus be used to
optimize tokamak operation to prevent impurity accu-
mulation while providing natural fueling.

It has been suggested [8, 9] that the sudden transition
between states of low (L) and high (H) confinement, the
L-H transition, involves the reduction of turbulence by
the strongly sheared radial electric field in the pedestal.
For H-mode pedestals, the amplitudes of the turbulence
may be only large enough to affect higher order phe-
nomena in a poloidal gyroradius expansion, such as heat
transport. Neoclassical collisional theory may then be
expected to and is normally assumed [7, 10–14] to prop-
erly treat lower order phenomena, such as flows.

Specifically, an impure tokamak edge is often mod-
eled [7] by allowing the flows to be large enough that the
friction of the collisional highly-charged impurity species
with the banana [7], Pfirsch-Schlüter [10] or plateau [11]
main ions competes with the parallel impurity pressure
gradient and parallel electric field. In contrast to [12–14],
the flows are assumed smaller than the impurity thermal
velocity in order to self-consistently neglect the inertial
force.

The parallel friction is related to the flux-surface-
averaged radial impurity flux [7], by employing conser-
vation of toroidal momentum for the impurities. For the
low flow ordering, the poloidal electric field rearranges
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the impurities poloidally on a pedestal flux surface to
minimize the parallel friction with the background ions
and thereby allow inboard impurity accumulation [7].

Impurity peaking on the inboard side is observed in
tokamaks such as Alcator C-Mod [15–17], ASDEX-U [18,
19] and JET [20]. In addition, up-down asymmetries have
also been detected on tokamaks such as Alcator A [21],
PLT [22], PDX [23], ASDEX [24], Compass-C [25] and
Alcator C-Mod [26–28].

Charge-exchange recombination spectroscopy [18, 29,
30] is used to measure the outboard (LFS) and in-
board (HFS) boron density, temperature and impor-
tantly poloidal and toroidal mean flow radial profiles
in the midplane pedestal region of Alcator C-Mod and
ASDEX-U.

In general, a calculation of the impurity radial flux re-
quires solving the main ion kinetic equation. Insightful
solutions have been obtained at large aspect ratio for
trace impurities or when impurity-ion collisions domi-
nate over ion-ion collisions [12]. However, a numerical
approach is needed in realistic situations with non-trace
impurities having strong poloidal variation.

Here we illustrate how available diagnostics can be
used to bypass the computationally demanding calcula-
tion of these kinetic effects by expressing them in terms
of the poloidal flow. In Sec. II, we first show how the ra-
dial impurity flux in the pedestal can be re-expressed as a
sum of two terms involving only the poloidal mean flow,
the impurity density in-out asymmetry and the main ion
radial density and temperature profiles. We then show
how this form provides a precise means of calculating the
neoclassical radial flux for non-trace impurities from di-
agnostics currently available, such as charge-exchange re-
combination spectroscopy and Thomson scattering. Al-
though the methodology is illustrated for simplicity in
the large aspect ratio limit, it can be expanded to realis-
tic aspect ratios where its usage is of primary importance.
In Sec. III, we discuss in detail the insight provided as to
how best to optimize tokamak operation to prevent im-
purity accumulation and thereby provide natural fueling.
Finally, the results are discussed and summarized in Sec.
IV.
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II. FIRST IMPURITY RADIAL FLOW
DIAGNOSTIC

In this section, the main ion kinetic effects are related
to the poloidal impurity flow. This allows us to express
the neoclassical radial impurity flux as a function of mea-
surements already available via charge-exchange recom-
bination spectroscopy and Thomson scattering.

A. Sign convention

The axisymmetric tokamak magnetic field is given by
B = I∇ζ+∇ζ×∇ψ; where I = RBt, with R the major
radius and Bt the toroidal (subscript t) magnetic field.
The poloidal (p) magnetic field is given by RBp = |∇ψ|,
with 2πψ the poloidal magnetic flux.

The direction of the poloidal and toroidal angles, de-
noted by θ and ζ respectively, is chosen such that B ·∇θ
and the flux function I are positive. Moreover, the com-
ponents of the mean flow V are considered positive when
in the direction of the magnetic field. This sign convec-
tion is illustrated on an schematic tokamak cross-section
in Fig. 1, and compared to that of Alcator C-Mod exper-
iments [16] (Fig. 1a). While the sign convention adopted
for the flows is the same as the C-Mod experimental one
for normal or forward field operation (Fig. 1b), it is the
opposite when the magnetic fields are reversed (Fig. 1c).
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FIG. 1: Sign convention for C-Mod experiments (a),
compared to ours for forward (b) and reversed (c) field.

B. Impurity-main ion friction

The plasma is taken to be composed of Maxwell-
Boltzmann banana regime electrons and bulk ions (i)
with charge number zi ∼ 1, together with a highly-
charged collisional impurity (z) whose density nz satisfies
z2znz . z2i ni. Although the impurity does not signifi-
cantly alter the lowest-order quasineutrality, its density
is large enough to affect the bulk ion dynamics by allow-
ing main ion self-collisions and collisions with impurities
to compete. Under these assumptions, the friction force
exerted on the impurities by the bulk ions in the direction
parallel (‖) to the magnetic field is [7]

Fzi‖ =
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for arbitrary aspect ratio; where c and e are the speed
of light and the magnitude of the electron charge. Each
of the species has mass M and pressure p = nT , with T
denoting the temperature.

The flux surface average of a quantity Q is defined as

〈Q〉 =
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;

where ϑ is a modified poloidal angle coordinate, satisfy-
ing dϑ

〈B·∇θ〉 = dθ
B·∇θ . The collision frequency of impurities

with bulk ions divided by the impurity density,
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is a flux function; since the Coulomb logarithm ln Λ and
the bulk ion temperature are taken to be flux functions.
Moreover, the following integral over bulk ion velocity
space v,

u =
3
√
π√
2

T
3
2
i

M
3
2
i

∫
d3v

B

v‖

v3
hi, (3)

is also a flux function for banana main ions [7]. Here the
bulk ion kinetic response hi is related to the gyroaveraged
first-order main ion distribution function and vanishes in
the trapped domain, but an explicit evaluation is not
required. Indeed, one of the main purposes of this paper
is to avoid the need to numerically solve the bulk ion
kinetic equation to evaluate hi.

C. Measuring the radial impurity flux

The radial component of the impurity particle flux,
Γz = nzVz, is related to the parallel friction (1) by us-
ing the toroidal projection of the conservation of impurity
parallel momentum equation [7]. Insight on a novel tech-
nique to measure the radial impurity flux is obtained by
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Taylor expanding the flux surface averaged impurity ra-
dial flux for small inverse aspect ratio, ε� 1, and using
the solubility constraint,

〈
BFzi‖

〉
= 0, to find:

〈Γz ·∇ψ〉
cI

zze〈B2〉
= −

〈
B2
〉〈Fzi‖

B

〉
=

〈 −BFzi‖
1 + (b2 − 1)

〉
=
〈
BFzi‖

(
b2 − 1

)〉
[1 +O (ε)] .

(4)

Here both the poloidal variation of the square of the di-

mensionless magnetic field, b2 = B2

〈B2〉 , and the impurity

density, n = nz

〈nz〉 , are retained.

Substituting the friction (1) into (4), noticing that
b2
(
n−

〈
b2n
〉)

= (n− 1) [1 +O (ε)] , the radial impurity
flux can be conveniently expressed in terms of flux func-
tions to second-order accuracy as

〈Γz ·∇ψ〉
cI〈B·∇θ〉〈nz〉〈Tz〉

zze〈B2〉
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〈
(n− 1)

(
b2 − 1
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)2〉
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where, apart from the large aspect ratio expansion, only
n− 1� 1 is required to neglect higher order corrections.
Consequently, the impurity density is allowed in principle
to have a stronger poloidal variation than the magnetic
field, for instance, of order

√
ε. The dimensionless coeffi-

cients

g = − cI
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and

U =
u
〈
B2
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〈Tz〉
Mi

〈B ·∇θ〉
νiz
nz

(7)

indicate the contributions of the fluid and kinetic bulk
ion responses, respectively. Here, g ∼ U ∼ qR

λz

ρpi
Li

, with
qR the connection length and λz the impurity mean free
path taking into account both like and unlike collisions.
The main ion poloidal Larmor radius and characteristic
radial scale length are denoted by ρpi and Li.

Charge-exchange recombination spectroscopy is used
to measure the outboard (LFS) and inboard (HFS) im-
purity temperature, density, and poloidal and parallel
mean flow radial profiles.

For illustrative purposes, a first-order cosinusoidal pro-
file is considered for the known dimensionless magnetic

field, b2 = 1 − 2ε cosϑ; and a first-order Fourier profile
for the dimensionless impurity density, with both a si-
nusoidal and a cosinusoidal term in order to allow for
up-down and in-out asymmetries respectively. Only the
measured impurity density in-out asymmetry term con-
tributes to the following flux surface average needed to
calculate the radial impurity flow (5),〈

(n− 1)
(
b2 − 1

)〉
= ε

nHFS − nLFS
nHFS + nLFS

, (8)

which is positive for inboard impurity accumulation. For
these profiles and trace impurities, it can be deduced
from Sec. IV.A in [12] that there is inboard accumulation
when g and g + U have the same sign for low flows. As
a consequence, the two terms of the radial impurity flux
in (5) have opposite signs.

The same conclusion is drawn for very large gradients,
i.e. friction dominating the parallel momentum equation.
In this case, taking the large aspect ratio limit of Eq. (11)
in [7] gives n−1

b2−1 = g
g+U . The results in this paper allow

the impurity density poloidal variation to be larger than
that of the magnetic field if g + U � g, although they
are also valid when g + U ∼ g.

Importantly, the impurity poloidal mean flow in [7],
which can be measured by charge-exchange spectroscopy,
can be used to obtain g + U in (5) to lowest order by
noticing that

nzVz ·∇θ

B ·∇θ
= −cITi

zie

〈nz〉
〈B2〉
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d ln 〈pi〉
dψ

− 3

2
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)
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〈
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〉
〈B2〉 〈ni〉

=
〈B ·∇θ〉 〈nz〉 〈Tz〉
νiz
nz
Mi 〈ni〉 〈B2〉 (g + U) , (9)

where we use
〈
b2n
〉

= 1 + O [ε (n− 1)]. It can thus be
observed that when g+U is positive the poloidal impurity
flow goes in the direction of the poloidal magnetic field.

Next, the radial gradient of the main ion density ap-

pearing in g in Eq. (6) can be obtained from Thom-
son scattering measurements of the radial pedestal elec-
tron density profile, by using lowest order quasineutrality,
zi 〈ni〉 = 〈ne〉. The electron temperature is also available
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via Thomson scattering, while the impurity temperature
is known from charge-exchange spectroscopy. Although
all the temperatures are typically of the same order, it
is better to use the impurity (rather than the electron)
temperature to estimate the bulk ion temperature due to
the more rapid ion-impurity energy equilibration. Note
that g is negative if the descending slope of the logarith-
mic temperature is more than twice as steep as that of
the logarithmic density for main ions, d lnTi

d ln〈ni〉 > 2, and

positive otherwise.

III. SUGGESTED TOKAMAK OPERATION TO
AVOID IMPURITY ACCUMULATION

The proposed method allows not only the measure-
ment of the radial impurity flux but also provides insight
into the favourable physical phenomena preventing im-
purity accumulation while achieving natural fueling. A
detailed analysis of the profile characteristics that allow
us identify optimal tokamak operation ‘a posteriori’ is
provided in this section, together with illustrative exam-
ples of its usage.

For completeness, suggestions on promising experi-
mental procedures to favorably modify each term of the
radial flux are discussed separately. Hopefully, these
ideas will lead to further measurements on the effective-
ness of these techniques on minimizing the inward radial
impurity flux term while maximizing the outward one.

A. Impurity poloidal flow and density in-out
asymmetry

The direction of the first component of the neoclassi-
cal pedestal radial impurity flux in (5) depends on both
the impurity poloidal flow direction (9) and density in-
out asymmetry (8). As explained in Table I, it removes
impurities from the plasma core while absorbing fuel in
the following two cases:

• The poloidal flow is in the direction of the magnetic
field and there is HFS impurity accumulation.

• The poloidal flow and magnetic field are in opposite
directions and there is LFS impurity accumulation.

Impurity poloidal flow in the direction of the magnetic
field and HFS impurity accumulation have been observed
in both ASDEX-U [19] and Alcator C-Mod [31] for differ-
ent types of H-modes: EDA at lower (Fig. 4.4 in [31]) and
higher safety factor (Fig. 4.5), ELM-free (Fig. 4.6) and
ELMy (Fig. 4.7). These measurements, with B × ∇B
towards the X-point, indicate a favorable outward neo-
classical radial impurity flux for the first term.

Even though the physics included in the model has
been limited here to illustrate how to infer radial fluxes
from charge exchange and Thomson data, it is worth

TABLE I: Direction of the first neoclassical pedestal
radial impurity flux component in (5), as a function of
the impurity poloidal flow direction and density in-out

asymmetry obtainable by charge-exchange spectroscopy.

Impurity
Direction of 1st impurity radial flux term (5) accumulation

HFS LFS
Poloidal impurity flow & Co (g + U > 0) Out In
magnetic field directions Counter(g + U < 0) In Out

TABLE II: Direction of the second neoclassical pedestal
radial impurity flux component in (5), as a function of
the ratio of main ion temperature to density gradients.

d lnTi
d ln〈ni〉

g (6) Direction of 2nd impurity radial flux term (5)

< 2 + In
> 2 - Out

pointing out that there are practical methods of modi-
fying tokamak in-out asymmetry such as neutral beam
driven rotation or plasma heating. The centrifugal force
associated with the toroidal rotation has been proven to
push impurities outwards towards the LFS of each flux
surface [12]. In contrast, neutral beam injection or ion
cyclotron resonance heating (ICRH) of minority ions pro-
vide a mechanism for HFS impurity localization. Fast
ions produced by neutral beam injection or ion cyclotron
resonance heating of minority ions tend to concentrate
on the outboard side. Quasi-neutrality then forces the
highly charged impurities towards the HFS [14].

B. Main ion radial density and temperature
profiles

The direction of the second neoclassical pedestal radial
impurity flux component in (5) is determined by the ra-
dial profiles of the main ion temperature and density. As
explained in Table II, it pumps out impurities when the
background ion temperature is more than twice as steep
as the density.

The appropriate tokamak operation can be identified
by using a logarithmic plot of electron density gradient
scale-length versus electron (or better yet, impurity, if
available) temperature gradient scale-length. This is il-
lustrated by Fig. 13 of [32], where only the 20% of plotted
EDA and the 50% of ELM-free H-modes, with B×∇B
towards and away from the X-point respectfully, are lo-
cated in the region with η = d lnTe

d lnne
> 2. Those discharges

exhibit favourable outward second term of the neoclas-
sical radial impurity flux and are expected to prevent
impurity accumulation while providing natural fueling.

There are several experimental techniques to affect the
relative slope of the radial electron density and tempera-
ture profiles; such as fueling, mode excitation, recycling
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and impurity seeding. On the one hand, a high density
region driven by gas puffing and heating power has been
observed in the high field side scrape-of-layer at JET [33]
and ASDEX-Upgrade [34]. In these cases the scrape-
of-layer density is around ten times larger than at the
separatrix and the dominant plasma fueling mechanism
is diffusive neutral penetration. This effectively alters
the electron pedestal profiles by shifting the density pro-
file outwards [35]. The pedestal density height slightly
increases while the height of the temperature signifi-
cantly decreases, resulting on a lower pressure pedestal
height (Fig. 3 in [36]).

On the other hand, impurity seeding can increase the
relative pedestal pressure height by radiating input power
away from the scrape-of-layer region, as observed at
ASDEX-Upgrade [37] and JET [38, 39]. This method
has been observed to significantly increase the steepness
of the electron temperature while slightly reducing the
steepness of the electron density (Fig. 3 in [37]) as de-
sired. In addition, the electron density profile can be
shifted inwards by exciting peeling-balloning modes in
the pedestal as in DIII-D [40] or by reducing recycling
by injecting Lithium as in NSTX [41, 42].

IV. SUMMARY

We provide the first practical way of evaluating the
pedestal radial flux for non-trace impurities from mea-
surements currently available. One of its main advan-
tages is that it conveniently bypasses the computation-
ally demanding kinetic calculation of the full bulk ion
response by expressing the latter in terms of the poloidal
impurity flow.

The neoclassical radial impurity flux has two compo-
nents. The direction of the first is shown to be related to
the impurity in-out asymmetry and the poloidal flow di-

rection, both obtainable via change-exchange recombina-
tion spectroscopy. Inboard impurity accumulation with
poloidal flow in the direction of the magnetic field or out-
board impurity accumulation with opposite poloidal flow
direction are desirable.

The direction of the second term depends on the rela-
tive slope of the main ion density and temperature pro-
files, which can be estimated by those of electrons and
impurities and thus measured by Thomson scattering and
charge-exchange spectroscopy respectively. A bulk ion
temperature profile more than twice as steep as the den-
sity is shown to lead to impurity removal and fuel ab-
sorption by this term.

The novel measuring method can be used to optimize
tokamak operation to reduce if not prevent impurity ac-
cumulation while providing natural fueling. For instance,
the optimal H-mode type and parameters can be selected
by identifying ‘a posteriori’ the most beneficial physical
behavior from a profile database.

In addition, our methodology may inspire the imple-
mentation of experimental techniques to actively and fa-
vorably modify the profiles, as well as make further mea-
surements of their global effect on impurity confinement.
For instance, toroidal rotation and ICRF minority heat-
ing can be used to push impurities outwards or inwards
respectively. Moreover, mode excitation and scrape-of-
layer high density reduction via impurity seeding can lead
to a stronger and weaker radial variation of the electron
temperature and density, respectively.
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