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I. Introduction

The core radial electric field (Er) plays an important role in stellarator plasmas, and is expected

to have a strong effect on heat, particle and impurity fluxes[1]. Because the neoclassical parti-

cle fluxes in a stellarator are not intrinsically ambipolar, the Er is strongly tied to the ion and

electron temperature and density profiles[2]. In W7-X, a large positive radial electric field is

expected in cases in where Te� Ti, while a negative electric field is expected when the temper-

atures are close to equal, Te ≈ Ti[3]. This dependence of Er on the temperatures is investigated

experimentally in W7-X by looking at a single plasma program with hydrogen pellet fueling in

which a wide range of plasma temperatures and densities were achieved. These results represent

the first measurements of Er in W7-X plasmas with an installed island divertor.

II. Diagnostic Method

Determination of the Er profile is made possible by utilizing the X-Ray Imaging Crystal Spec-

trometer (XICS)[4, 5]. This diagnostic is able to measure perpendicular plasma flow (u⊥), which

is closely related to the radial electric field through the radial force balance (see Eq.1).

The XICS diagnostic relies on spectral emission from highly charged argon ions introduced

into the plasma. Line integrated flow velocity profiles are found from the Doppler shift of the

spectral lines. Through tomographic inversion, using a known plasma equilibrium, it is possible

to infer the local plasma flow from these line integrated data. The procedures used for spectral

analyses and tomographic inversion, including the inclusion of asymmetries of the perpendic-
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Figure 1: Inverted radial electric field as inferred from XICS measurements. Raw data has been binned prior to

inversion to provide 100 ms time resolution and 3 cm spatial resolution. Vertical lines denote actual measurement

times (center of integration window); color between lines is interpolated. In the time around after 1.5 s a strong

peaking in the Ar16+ emissivity profile results in a limited measurable profile extent; radii with insufficient signal

for valid measurements are left white. The dashed box indicates the time window in which the plasma is fully within

the ion-root regime.

ular velocity on a flux surface[6], are described in detail in Refs. 4, 5, 7, 8. For the particular

geometry of the XICS sightlines on W7-X, inversions are not sensitive to finite pressure effects

on the equilibrium; therefore a vacuum VMEC equilibrium is used for all inversions shown in

the current work.

To derive the radial electric field from the flux surface averaged perpendicular flow velocity

the radial force balance equation can be used.

〈Er〉=
1

enIZI

∂ pI

∂ρ
〈|∇ρ|〉−〈u⊥B〉 (1)

Where pI , nI and ZI denote the pressure, density and charge of the ion species being measured.

The pressure gradient term is small for measurements of argon with the flat pressure profiles

seen at W7-X, and has been neglected in the results shown in this work. The XICS viewing

geometry, as seen in Ref. 5, Fig.1, is primarily sensitive to the component of the velocity that is

perpendicular to the magnetic field lines. Given this insensitivity, the parallel velocity is ignored

except for a constant correction which is combined with a more general wavelength calibration

correction.

III. Radial Electric Field Measurements

In order to investigate the radial electric field under the widest available range of plasma pro-

files, a plasma program including cryogentic hydrogen pellet injection[9] and central ECRH

heating is chosen for this inital analysis: 20171207.006. This program is of particular interest in
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studying the evolution of the radial electric field as it encompasses a wide range of both plasma

densities and electron-ion temperature ratios. Due to hardware restrictions on the pellet injec-

tion system available during the Op1.2a experimental campaign, the pellet fueling phase of this

program is limited to a length of approximately half a second. This limitation results in a highly

transient high density phase in the plasma evolution. Even though the plasma conditions are

non-stationary, the neoclassical radial electic field is expected to change on the same timescale

as the temperature and density evolution.
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Figure 2: Time traces for a centrally heated W7-X dis-

charge with hydrogen pellet fueling. Electron tempera-

ture and density taken from the central Thomson chan-

nels. The absolute value of the ECE temperatures are

un-calibrated, and have been scaled to match Thomson

measurement. The line-integrated velocities, as measured

by XICS, are shown for individual sightlines; Purple and

yellow lines represent views above and below the mag-

netic axis respectively. The dashed box highlights the time

in which ion-root conditions are observed.

Radial electric field profiles inferred from

the XICS diagnostic confirm the expected ex-

istence of a negative radial electric field in the

plasma core (ion-root conditions) during the

high-density pellet fueled phase of the pro-

gram. Measurements of the Er profile evolu-

tion are shown in Fig.1 and Fig.3, and corre-

spond to the plasma program shown in Fig.2.

During beginning and ending phases of this

program, where the plasma density is lower

and Te � Ti, a positive core radial electric

field is observed. However, in the high density

phase of the program temperature equilibra-

tion is achieved and an negative radial electric

field is developed.

The ion-root phase of this program, in

which the radial electric field is negative all

the way into the plasma core, exists between

1.40 s and 2.50 s, as seen in Fig.1. The pre-

cise timing of the ion-root phase has been de-

termined using an analysis completed using a 20ms integration time (not shown in the current

paper), and is expected to be accurate to within this resolution. At the point in which the full

ion-root condition develops, at 1.40s, the following plasmas parameters are observed: Teo =

2.25keV, Tio = 1.75keV, n̄e ≈ 0.6×1020 m−3 and PECRH = 2.7MW. At the start of the transi-

tion out of the ion root, at 2.50 s, the following plasma parameters are observed: Teo = 4.25keV,

Tio = 3.75keV, n̄e ≈ 0.6×1020 m−3 and PECRH = 5.0MW. Measurements of the central elec-

tron temperature and density are taken from the Thomson scattering diagnostic[10]; line inte-
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grated measurements of the electron density from the interferometer[11] give similar values at

these times.

At both ends of the ion-root phase we find a similar value of the electron density as well

as a similar difference between the absolute ion and electron temperatures of approx 0.5 keV.

Interestingly, the ratio of input power to electron density, which has been previously suggested

as a metric for the transition between ion-root and electron root [12, 13], is quite different

between the start and end of the ion-root phase.

Figure 3: Plasma profiles near the start and end of the ion-root

phase. Radial electric field profiles (Er) inferred from XICS velocity

measurements. Mapping from real space to ρ has been done using a

vacuum equilibrium (finite pressure effects ignored).

Leading up to full development of

the ion-root plasma at 1.40 s, it can

be observed that an ion root region

develops in the outer portion of the

plasmas and expands inward. This

change in Er occurs over a time pe-

riod of around 0.5 s, and can be seen

to generally follow the evolution of

the central temperature and density

values. Similar behavior is seen as

the plasma transitions out of the ion-

root after 2.50 s and develops an expanding region of positive radial electric field in the core.

The detailed time dependence of changes to Er profile can be more clearly observed by looking

directly at the line-integrated plasma flow measurements. Within the resolution of the available

measurements, the electron temperature and velocity appear to change simultaneously, which

is consistent with the neoclassical understanding of Er. These observations of changes in the

radial electric field profile in response to changing plasma conditions are in line with studies of

the radial electric field at different input powers seen on W7-X[5] and LHD[7].
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