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I. Introduction and motivation.-

With the selection of molybdenum and tungsten for the
divertor in fusion experiments, the importance of understanding
the sources, transport and confinement of high-Z impurities has
become crucial. In particular, controlling Z-transport to avoid
core accumulation is necessary to achieve and maintain high
fusion performance. Along these lines, understanding poloidal
asymmetries and its role for reducing the impurity peaking is
highly desirable for the development of the spherical tokamak
(ST) concept. An important impurity transport task for NSTX-
U will be to characterize the properties of H-mode scenarios
with high toroidal velocities, in which the ‘standard’
neoclassical theory [1] derived for ‘subsonic’ Mach numbers
may no longer be applicable [2-4]. The main motivation behind
the installation of the new tangential off-axis neutral-beam
injectors in NSTX-U [see Fig 1-a)] was to increase the
available heating power, the NBI-driven current and the
bootstrap fraction. However, the use of tangential off-axis
beams may bring a concomitant increase of the deuterium and
impurity Mach numbers providing additional momentum to the
outward low temperature plasma [see Fig 1-b)]. In this
scenario, the formation of a rotation-induced electrostatic
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Fig. 1. NSTX-U’s tangential NBI

system and expected torque.

potential (Ag) with changes in the radial electric field (E£,) and the appearance poloidal density
asymmetries [2-4] are nearly assured. The computation of these electrostatic potentials is
currently being used to study the associated two-dimensional distribution of impurity density
and radiated power asymmetries in NSTX and NSTX-U. The Mach number correction

enhancing the impurity asymmetries is o ,
proportional to the ion-mass so the effects 140r
on high-Z impurities such as Feys, Mos,
and/or W74 will be easily distinguishable
from that of Liz, Bes, Bs or Cs. Its has also
been theorized that formation of these
potential differences and subtle changes in
E, can possibly vary the heat and particle
transport by increasing the fraction of
trapped particles [3] and modifying the
linear/non-linear stability of gradient-
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driven modes due to changes in the EaoxB
shearing rates [5], but these findings
remain to be evaluated experimentally.

I1. Physics.-
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Fig. 2. P4 shortfall and in/out asymmetry in NSTX.
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The main centrifugal effect of toroidal rotation on heavy impurities is their radial
displacement to the outer plasma, which result in a non-uniform distribution around a magnetic
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Due to the different
effect of centrifugal forces
on electrons, main ions and impurities, a differential electrostatic potential is generated to satisfy
quasi-neutrality [3,4]. The calculations presented in this paper start with the mid-plane data
measured by the Multi-point Thomson Scattering (MPTS) and Charge Exchange Recombination
Spectroscopy (CHERS) diagnostics (see Fig. 3) but relies on the appropriate mapping of flux-
surface quantities like electron and ion 150 [T "
temperature (T.-) and rotation frequency (w¢) to
find the 2D electron, deuterium and carbon density
profiles self-consistently assuming the presence of
a poloidal variation due to centrifugal forces. The
few assumptions considered include a zero
electron mass, a D-D plasma, fully-stripped
carbon ions, a trace impurity with charge “Z”
given by coronal equilibrium (<Z>(T,)) and
equilibrated ion temperatures (e.g. Tp=T.=T,). As
result of this numerical procedure nested electron
and ion temperatures are mapped on flux surfaces
P(R,Z) while the electron density (n,) shows a )
small departure from poloidal symmetry due to MOl ] i
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Fig. 4. a) Nested electron and ion temperatures

and b) electron density offset from Ww(R.,Z).

Fig. 3. Mid-plane MPTS and CHERS data used as inputs in the calculation.
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II1. Electrostatic potential and changes of the
radial electric field (E,).-

The ideal, ah-hoc and numerical iterative solutions for the electrostatic potential
difference [Agp=p(0)-p(6=0)] are now routinely obtained as depicted in Fig 5. The ideal
electrostatic potential shown in Fig. 5-a) is used only as a reference since it is obtained assuming

that the main intrinsic impurity (e.g. carbon) is at the trace limit (o.=36n./n.<1),

T€ miwé 2 *2
T.+1; 2e ( _RO) (1)
where, w¢ is the toroidal rotation frequency profile and RO* are the references positions at the
LFS mid-plane. In this limit, the minimum of the A@(0=r) is approximately -70 V. The ad-hoc
solution [5] shown in eq. (2) attempts to extend the previous ideal approximation beyond the
carbon trace limit [2] by assuming a finite effective plasma mass (m,;) and an effective charge
(Z,4) but does not adequately captures the physics since the Z ; dependence reduces the depth of
the potential well to -55 V,

A<P\0zc<<1 =

T meffw?t (R2 B R82)

A‘P‘&ff =
Zepp-Te+T;  2e (2)
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electrostatic potential from the measured
carbon density and central toroidal rotation 150 iy
using NSTX data is shown in Fig. 5-c) and i:g
can be calculated using arbitrary values of 100
the core low-Z impurity strength factor
which often exceeds unity (ocg>1). The
well’s depth of the iteration solution is
nearly 50% stronger than the ideal case and
nearly twice as the ad-hoc approximation. A
time-dependent solution (not shown here) -100
shows also an in/out asymmetry evolution
with strong ’ scaling as in eqns. (1) and _15020 S8 00 140 20 80 100 140 20 60 100 140
(2) The depth of the potential well in the Major radius [cm] Major radius [cm] Major radius [cm]
HFS can reach -110 to -280 V for core : '
NSTX rotation velocities between 180 — 360 4F
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km/s but remains small if one compares with
the core plasma potential (e.g. few kilovolts)
or the energy of circulating and/or trapped
fast ions (e.g. few tens of kilovolts).

The net-change of the plasma
potential profile due to the presence of the .
rotation-induced electrostatic well is very 0E- : S —— . : .
small and of the order of 5-6% as is shown 20 40 60 80 100 120 140
in Fig. 5-d). This small effect can be Major radius [cm]
understood also analytically calculating the  Fig. 5. a) Ideal, b) ad-hoc and c) iterative solutions of Ag
scaling of the changes of the radial electric and its effect changing the mid-plane plasma potential.
field. The rotation-induced electrostatic potential and related change of the local electric field
can be written as in eqns. (3) and (4) with C being a constant that normalizes the numerical
iteration solutions to the ideal approximation and Lwg¢ is the gradient scale length of the toroidal
rotation frequency,
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The core electric field in NSTX is mainly determined by the V¢B6 term [7] which can be further
simplified writing B6(r)=rB¢/q(r)R and the toroidal field dependence as B¢~B¢,,R,/R, where Bg,,
is the toroidal magnetic fielcl at the magnetic axis,
R()T‘

Er ~ V¢B9 ~ Ww¢B¢’O (5)
Using eqns. (4) and (5), the fractional change 02f radial electric field for 7,/(T,+T,)~0.45 is,

= AEle (rywe, 8 =) ~ 0.9Cq(r) <J:L) ugi? (1+2r/Ly,) ©)
where, €, is the core ion gyro-frequency. The ratio of the analytic expressions for the
asymmetric radial electric field to the background radial field for C=1.55, ¢g(r)=1.4, R~80 cm,
r~22.5 cm, w¢=2.15x10* Hz and ,,=2.15x10" Hz, is of the order of 5% which is nearly the
same as the one calculated experimentally and shown in Fig. 5-d).

IV. Impurity density and radiated power density profiles.-
The computation of rotation-induced electrostatic potentials is also being used to study
the associated two-dimensional distribution of impurity density and radiated power asymmetries
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in NSTX and NSTX-U. This calculation also finds 2D
asymmetry factors (see Fig 6) for impurity profiles which
are at the trace limit with very small changes to quasi-
neutrality and Z_,. Estimates of average charge state and
radiated power density (P, can be made using coronal
equilibrium. While the asymmetry in the core radiated
power from low-Z ions (e.g. D, C, O, Ne) is relatively
small, the core density and radiation from medium- to
high-Z’s will be strongly affected by centrifugal forces
(see 2D P, profiles in Fig 7). At even higher toroidal
rotation, the asymmetry is stronger concentrating the Fe,
Mo and W radiated power strictly to the low-field-side.

In summary, the computation of rotation-induced
electrostatic potentials is being used to study the
associated two-dimensional distribution of impurity
density asymmetries in NSTX. This calculation relies on
flux-surface quantities like Te, Ti and w¢. The iterative
process finds the 2D density profiles and the electrostatic

Impurity density asymmetry
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Fig. 6. Mass-dependence of asymmetry

potentials (Ag) self-consistently assuming poloidal variation due to centrifugal forces. The depth
of the potential well can reach -110 to -280 V for core NSTX rotation between 180 — 360 km/s
but remains very small if one compares with the core plasma potential or the energy of fast ions.
The net-change of the plasma potential and radial electric field is of the order of just 5-6% and
in accordance with a simple theoretical calculation. This computation is being used to increase
our understanding of asymmetries and the reduction of Z-peaking, to examine the effect of
electrostatic potentials possibly changing the heat and particle transport, radiation asymmetries
before tearing mode onsets, as well as to aid the design of new diagnostics for NSTX-U (e.g.
ME-SXR [9], XICS, Bolometers, etc). This work is supported by the U.S. Department of
Energy, Office of Fusion Energy Sciences under contract number DE-AC02-09CH11466.
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Fig. 7. Core impurity radiation from medium- to high-Z’s (e.g. Argon, Iron, Molybdenum and

Tungsten) will be strongly affected by centrifugal forces.
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