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Reversal of Impurity Pinch Velocity in Tokamaks Plasma
with a Reversed Magnetic Shear Configuration
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Impurity transport in tokamak core plasmas is investigated with a three-dimensional fluid global code.
It is shown that, in the presence of an internal transport barrier (ITB) created by a reversed magnetic shear
configuration, one can obtain a reversal of the impurity pinch velocity which can change from the inward
direction to the outward direction. This scenario is favorable for expelling impurities from the central
region and decontaminating the core plasma. The mechanism of pinch reversal is attributed to a change of
direction of the curvature pinch and to a modification of the dominant underlying instability caused by a
change of the gradient of the ion temperature and consequently of the ITB formation.
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Impurity transport is an important issue for the success
of the International Thermonuclear Experimental Reactor
(ITER) as it can strongly influence the plasma perform-
ance. It is important to prevent impurity accumulation in
order to maintain stationary plasma conditions [1].
Impurity accumulation is predicted by the theory of colli-
sional transport when the main ion density profile is peaked
and thermal screening is negligible [2]. However, the pre-
dictions of neoclassical theory are rarely matched exactly
by the observations. Turbulent transport is considered as a
plausible candidate for explaining this discrepancy.

A standard phenomenology describes the steady state
particle flux I'y as a sum of a diffusive term and a con-
vective term [3-5]: ', = —D,Vn, + n,V,, where D, is the
diffusivity, n, is the density, and V| is the radial pinch
velocity of species “s”’. Several mechanisms have been
identified in the framework of the quasilinear theory to
explain the pinch velocity. First, perpendicular compressi-
bility induces a curvature pinch velocity which is usually
directed inward but can change sign with the magnetic
shear [6]. Second, parallel compressibility is responsible
for a second contribution that depends on the phase veloc-
ity of the fluctuations. And finally, the temperature gradient
is responsible for a thermodiffusion term which also de-
pends on the phase velocity.

In this Letter, it is shown that an internal transport barrier
produced with reversal magnetic shear is a favorable con-
figuration for getting a reversal of the impurity pinch
velocity. This is an important issue for a fusion reactor as
it allows the decontamination of the core plasma and
prevents the degradation of confinement. This property is
demonstrated by using 3D global fluid simulations of
impurity transport in tokamak core turbulence. These
simulations are consistent with the predictions of the quasi-
linear theory regarding the various contributions to the
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In the following, we investigate the impurity turbulent
transport using a three-dimensional nonlinear global fluid
code TRB [7,8] which includes ion temperature gradient
(ITG) mode and trapped electron mode (TEM) instabil-
ities. Calculations are performed at a fixed flux; i.e., par-
ticle and heat source densities are fixed and profiles of
densities, parallel velocities and pressures evolve accord-
ingly without assuming scale separation. Configurations
with monotonic or reversed ¢ profile can be studied with
the TRB code; ¢ is called the safety factor and it measures
the pitch angle of the magnetic field lines. The code solves
the evolution equation of density and pressure for three
species: deuterium, trapped electrons, and one impurity
species. A set of fluid equations is used here to describe
a collisionless ITG/TEM turbulence [9]:

dtns = TK;- (nvv¢ + vps/es) - v||(nsv||s)’ (1)

dtps = TK;® (psvd) + v(p%/ns)/es) - yvll(psvlls)’ (2)

nsmsd[vns =

_nsesvlld) - v||ps (3)

Here, ng, p;, v, ¢ are the density, the pressure, the
parallel velocity, and the electric potential, respectively.
The labels “s” can be “e”, “i” and “z” which are for
trapped electrons, ions, and impurities, respectively. We
solve eight equations for n,, n_, p,, p;, p;, ), v);, and v|,.
Passing electrons are assumed to be adiabatic, while the
dynamics of trapped electrons is described by Eqgs. (1)—(3),
with v, = 0. The continuity equation for the main ion
density n; is taken into account in a different form: from
the ambipolarity relation, one gets instead an equation for

the vorticity Q, Q = fcne,eq"ST_—W — (Njeq + An (V2 ).
eeq

The curvature drift operator is «; = % % X % for ion spe-
cies. For trapped electrons, k; is replaced by the precession

pinch velocity of impurities. frequency in the toroidal direction, i.e., k5 = 7 (3 + Ye,;
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here, e, is a unit vector of toroidal direction and R is the
plasma major radius. Here, § = (r/q)dq/dr is the mag-
netic shear. The Lagrangian time derivative is defined as
4 — 2+ vp -V — DV?, where D is a “collisional” diffu-

dt
sion operator and vy = B XV¢ is the electric drift velocity.

Note that the perturbed part of f,n, is the fluctuating
density of trapped electrons, whereas n,., is the total
equilibrium electron density normalized to n,. The adia-
batic compression index is y = 5/3. The normalization is
of the gyro-Bohm type, as referenced in Ref. [7]. The
fraction of trapped (respectively, passing) electrons is f, =
2/w(2r/R)"/? (respectively, f, = 1 — f,).

A common assumption for the impurity flux is a
diffusion-convection equation I, = —D.Vn,+ V_n,
[7,10-14]. In steady state conditions and in plasma regions
where the source can be neglected, the local logarithmic
density gradient of an impurity 1/L, = —Vn_/n_ is di-
rectly related to the ratio of the convection velocity to the
diffusion coefficient, V,/D,. Hence, the peaking of an
impurity density is determined by the ratio —V,/D_, or
equivalently the normalized peaking factor —RV,/D.. The
peaking factor profile is an important parameter to charac-
terize the impurity density pinch.

The diffusion-convection expression of the flux is con-
sistent with the quasilinear theory. Indeed the radial turbu-
lent flux of species s is I'y = (n,vp) = X ol 1w 5= B o .

Replacing the density by its linear response in this expres—
sion, one finds the quasilinear flux:

1 e ik, - ,, .
DG o Fol — Gol + FG

L=257_3
w 5,€q

+ 'sz}ns,eqr (4)

L!)z Ll)2
where F = @ —2ywy, — vy, G = wy, + ', and N =
oF + ywdsG The curvature drift frequency is defined as

= kV . I;jg As, A; = (cosf + §60sinf). The
bracket is an average of the bounce motion for trapped
particles, or the average of poloidal mode structure for
passing particles. The diamagnetic density and pressure

. dn r
* s,eq s.eq I
frequencies are defined as w,, = kee B nwdr ©ps
Tx,cq dPs,cq

kg5 p—o-» and the parallel transit frequency as o) =
s 5,eq

iy,

The first term in Eq. (4), proportional to V,n.,, corre-
sponds to the diffusive part of the flux. The other terms are
referred to as pinch velocities. To identify the mechanisms
underlying the pinch velocity, we assume now that one
mode is dominant, and that the following ordering wp, >
® > wys > o) holds. This ordering is consistent w1th the
interchange character of ITG/TEM turbulence and the fluid
approximation. Then it appears that the pinch velocity is
the sum of three components. The first one, called curva-
ture pinch, gives a peaking factor that mainly depends on

where

the geometry, i“ ~ —22; [10-12]. It is caused by com-
pressibility of the E X B drift velocity in an inhomoge-
neous magnetic field. This effect is related to turbulent
equipartition (TEP) effect [15,16]. In particular, the ratio
VR/D is proportional to the parameter A;, which also
characterizes the canonical profile exp{—% I A(Fdr'}.
For trapped electrons, A; is related to the precessional
frequency, thus depends on magnetic shear. For impurities,
A; depends on § when modes are strongly ballooned. We
note that TEP effects also exist for momentum pinch
[15,16]. When the curvature pinch velocity is proportional
to the magnetic shear, it is inward for a monotonic increas-
ing g profile and outward for reversed ¢ profile. It is

independent of charge and mass. The second pinch veloc-
VyrsR 2/\pr5
D w—2ywy
[11,13]. It originates from the compression of the diamag-
netic drift velocity and is proportional to the impurity

ity, called thermodiffusion is such that
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FIG. 1 (color online). Radial dependence of (a) a monotonic
safety factor and (b) a reversed safety factor. A strong barrier is
created in the reversed magnetic shear case (b). The position of
zero shear is ppi, = 0.55 for the reversed magnetic shear case.
The ion temperature, the electron temperature, and the ion
density profiles are also plotted.
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pressure gradient. Its magnitude is inversely proportional
to the charge number. As a result the thermodiffusion pinch
becomes negligible for high Z impurity [7]. The third
contribution to the pinch velocity is connected with the

2
ww”d [14].
The magnitude of this pinch depends on the ratio Z/A and
thus depends weakly on the impurity characteristics in
realistic cases. The thermodiffusion pinch and the pinch
linked to the parallel compressibility can change sign
depending on the direction of propagation of the fluctua-
tions. The thermodiffusion pinch is inward for transport
driven by instabilities rotating in the electron diamagnetic
direction, such as TEM, and outward for transport driven
by instabilities rotating in the ion diamagnetic direction
such as ITG. In contrast, the pinch originating from the
compression of parallel velocity has the opposite variation.
Therefore, the total pinch, which is the sum of at least these
three mechanisms, has a dependence on Z that is different
depending whether instabilities rotate in the ion or the
electron diamagnetic direction. The relative magnitude of
these mechanisms can change depending on plasma con-
ditions, such as ¢ profile, or impurity temperature gradient.
Nevertheless, the dependence on Z is usually weak since
the curvature pinch velocity is the dominant contribution.

Various simulations have been performed to investigate
the basic properties of impurity transport in core plasma
ITG/TEM turbulence with and without ITBs. The simu-
lated impurities are helium (He, Z = 2, A = 4). As shown
in Fig. 1, ITBs are produced with a reversed g profile. The
barrier onset is sensitive to the value of ¢,,;, [17] but not on
qo in contrast with recent experimental observations [18].

Impurities are injected in a steady turbulence. Injecting
impurities in the plasma edge leads to a transient that can
be used to determine the transport coefficients. Figure 2
shows the scatter plot of I'./n_ against Vn_/n.. A linear fit
provides the values of the diffusion coefficient D, and the
convection velocity V.. The good quality of the fit indicates

parallel dynamics of the impurities, V”BR ~ =2A;
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FIG. 2 (color online). Scatter plot of I",/n_ versus Vn,/n, for
helium in reversed g profile. The solid line is the linear fit.

that a simple diffusion-convection velocity model is robust,
even in the strongly nonlinear regime.

Knowing the values of the diffusion coefficients and
pinch velocity, one can test the prediction of the quasilinear
theory for various g profiles. Let us note that three terms
contribute to the right-hand side of Eq. (1): —k; - (n,V)
which is related to curvature pinch, —k; - (Vp,/e;), which
is the thermodiffusion contribution, and the parallel com-
pressibility term — V| (n,v),). Each of these three terms
can be switched on or off in the numerical simulations for
the impurity species (s = z). It can be shown from quasi-
linear theory that switching on one of these terms, and the
others off, provide the corresponding contribution to the
pinch velocity. This gives a way to compute numerically
each contribution to the pinch velocity. Figure 3 shows the
diffusion coefficients D, and the pinch velocity V, for each
case. The total pinch velocity is labeled V,, V| ., stands for
the curvature pinch, the thermodiffusion pinch is Vy,, and
the parallel compressibility pinch is noted V... The radial
profile of the turbulent diffusion coefficient D, are shown
in Figs. 3(a) and 3(b), respectively. Figure 3(a) shows that
the diffusion coefficient D, in the barrier is strongly re-
duced. The barrier region is 0.45 < r/a <0.62. Fig-
ures 3(c) and 3(d) show the radial profiles of various
components of the pinch velocities. We observe that the
curvature pinch velocity V., is directed inward in the
case of monotonic ¢ profile (without ITB), as shown in
Fig. 3(d). When the magnetic shear is negative, the direc-
tion of the curvature pinch velocity in the core region
(r/a < 0.45) is opposite to the one obtained for mono-
tonic ¢ profile, i.e., is in the outward direction as shown in
Fig. 3(c). This is consistent with the quasilinear theory
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FIG. 3 (color online). Radial profile of (a) the turbulent diffu-
sion coefficient D, and (c) turbulent pinch velocity V, for helium
in magnetic shear reversal. The radial profile of (b) the turbulent
diffusion coefficient D, and (d) the pinch velocity V, in mono-
tonic ¢ profile.

015003-3



PRL 104, 015003 (2010)

PHYSICAL REVIEW LETTERS

week ending
8 JANUARY 2010

TABLE I. Direction of the curvature pinch velocity V, ., the
thermodiffusion pinch velocity Vyr,, and the parallel compressi-
bility pinch velocity V)., for ITG and TEM cases.

Pinch type TEM ITG
Vie Inward (§ > 0) Inward (5§ > 0)
Outward (5§ < 0) Outward (§ < 0)
Vvr, Inward Outward
Viez Outward Inward

which predicts a curvature pinch proportional to Vg/q.
The curvature pinch provides the main contribution to the
total velocity so that the latter is mainly directed outward.
In the barrier region (0.45 < r/a < 0.62), the turbulence
intensity is small. Therefore, it is not expected that quasi-
linear theory applies. This is why the pinch velocity
changes sign and is directed outward (inward) when mag-
netic shear is positive (negative).

The thermodiffusion pinch Vyr, is negative for mono-
tonic ¢ profile and reverses its sign when the magnetic
shear is reversed. The parallel compressibility pinch V),
behaves in the opposite way, i.e., is positive for monotonic
q profile and negative for reversed g profile. This is con-
sistent with the turbulence dominated by TEM for mono-
tonic ¢ profile and by ITG modes for reversed ¢ profile.
The calculation of the inverse gradient length VT,/T,
shows that it is twice larger for monotonic than for reversed
g profile. The other inverse gradient lengths VT;/T; and
Vn,/n, are less affected. This suggests that the simulation
with monotonic ¢ profile is more prone to TEM turbulence.
This analysis is supported by linear stability analysis which
shows that the phase velocity of drift waves changes its
sign when the ¢ profile is changed. We note that the sum of
the three contributions to the pinch velocity does not match
exactly the total velocity, in particular, for the case with
magnetic shear reversal. This could be due to some break-
down in the ordering that is needed for this result to apply,
or to a departure from the quasilinear theory prediction.
Other impurities (beryllium, boron, nitrogen, neon, argon,
krypton, and tungsten, for instance) have been simulated
and give consistent results.

Table I gives a summary table which is computed with a
quasilinear theory. We observe that the results of Fig. 3
agree with the quasilinear prediction of Table I. Hence the
simulations agree with quasilinear theory predictions for
all configurations. Moreover, it appears that the negative
magnetic shear is favorable as it leads to an impurity
decontamination.

In summary, impurity turbulent transport has been
studied in configurations with positive and negative mag-
netic shear. This has been done by developing a quasilinear
theory that accounts for compressibility effects and ther-

modiffusion. In addition, 3D fluid simulations have been
performed. This simulation shows that the predictions of
the quasilinear theory are robust. In particular it is found
that the curvature pinch is the main component in mono-
tonic ¢ profiles, hence leading to an impurity peaking.
However, reversed ¢ profile leads to the reversal of curva-
ture pinch velocity which becomes outward. The sign of
the thermodiffusion and parallel compressibility pinch ve-
locities changes with the phase velocity of fluctuations, i.e.,
depends on the underlying instability (ITG or TEM). These
velocities are subdominant in the monotonic g profile, but
play a significant role in the reversed ¢ profile. It appears
that the magnetic shear is the main control parameter and a
negative value is favorable for the plasma decontamination
in the core. This effect should partially balance the detri-
mental neoclassical inward pinch effect which may appear
in the barrier [19].
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