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Off-axis Neutral Beam Current Drive (NBCD) physics has been tested on DIII-D for Advanced Tokamak (AT)
operation with increased off-axis injection power (POANB ≃ 7MW) by using the newly available, toroidally
steerable co/counter off-axis neutral beam (CCOANB) injection capability. DIII-D experiments confirm that
the new CCOANB drives current as predicted by the classical model NUBEAM for MHD quiescent plasmas
(Fig. 1). Compared to on-axis injection, substantial broadening of the current and pressure profiles has been
achieved with dominant OANB heating by injecting both the new CCOANB and the previous vertically steer-
able OANB. This is consistent with predictions of the theory-based IPS-FASTRAN integrated modeling that
has guided the DIII-D beam system upgrade for the development of reactor relevant βN > 4 steady-state
scenarios. Projecting to the Compact Advanced Tokamak (CAT) fusion pilot plant shows that off-axis NBCD
aligns well with the high bootstrap current fBS > 0.8 operation, maintaining a broad current profile with
qmin > 2 and excellent off-axis NBCD efficiency.

Figure 1: Measured NBCD for CCOANB (red) vs NUBEAM modeling (blue)

The NBCD profile driven by the new CCOANB was measured in H-mode plasmas and compared with mod-
eling. The NBCD measurement1 is based on the local measurement of the magnetic field pitch angles from
Motional Stark Effect (MSE) diagnostics. These pitch angles are converted to the flux-surface-average current
density (J∥) and parallel electric field (E∥), either using kinetic EFIT equilibrium reconstruction or a more
direct MSE analysis. This allows the beam driven current to be determined by JNB = J∥–σNEOE∥ − JBS ,
where σNEO and JBS are the neoclassical conductivity and bootstrap current density calculated by the Sauter
model using the measured kinetic profiles as input. Differential NBCD measurement reduces model depen-
dencies (σNEO , JBS ) and systematic uncertainties of measurements. In this study, we compare two dis-
charges, either i) on- and off-axis or ii) “Left” (more tangent) and “Right” (more perpendicular) off-axis NBCD
in otherwise similar discharge conditions. The measured NBCD profiles driven by the new CCOANB in the
co-current direction agree reasonably well with classical model of Monte Carlo beam ion slowing down cal-
culation NUBEAM (Fig. 1). The NUBEAM modeling employs an accurate beam injection model validated
against fast visible image and neutron measurement2. The toroidal field direction (+BT) was chosen for bet-
ter alignment of NBI to the local B, leading to good off-axis NBCD efficiency. The minimum value of q was
maintained at qmin > 1 without any significant core MHD activities. The measured JNB(ρ) in Fig. 1 shows
a clear hollow NBCD profile with the peak at about half the minor radius ρ ∼ 0.5. The net driven current
normalized to the total injection power is INB/PNB = 14.9 kA/MW, which is as good as on-axis NBCD



since the increased fraction of trapped electrons reduces the electron shielding in the outer radius region. The
measured NBCD (INB) increases with the off-axis NB power. Higher NB power operation produced mild
low-frequency MHD modes (n=2 and 3), resulting in the reduced NBCD compared with the classical model
prediction. The measured NBCD profiles at the highest inject power matches the NUBEAM modeling with a
modest anomalous beam ion diffusion Db = 0.3 m2/s. However, even including the effect of finite Db, the
measured NBCD efficiency (INB/PNB) does not decrease with PNB .

A low pressure peaking factor has been obtained with dominant off-axis NB heating. Figure 2 compares
two discharges with different ratio of the OANB power to the total NB power (fOANB = POANB/PNB) at
˜same injection power for elevated qmin > ∼ 1.5 discharges. The pressure peaking, fp = p0/⟨p⟩ decreases
substantially when the on-axis NB power (blue traces) is replaced by the new CCOANB (red traces), while
maintaining βN ∼ 3 with high total (H89 ∼ 2.3) and thermal (H98 ∼ 1.25) energy confinement. The
lower pressure peaking also results in the increased low-n ideal βN stability limit3. Both discharges inject
full available power from the vertically steerable OANB at the maximum tilt angle. This profile broadening
has been reproduced by the IPS-FASTRAN modeling4 that integrates theory-based models of core transport
(TGLF), edge pedestal (EPED1), equilibrium (EFIT), stability (DCON), heating and current drive (NUBEAM,
TORAY) self-consistently to find steady-state (d/dt =  0) solutions. Figure 3 compares the pressure profile
between the measurement (kinetic EFIT equilibrium reconstruction) and the IPS-FASTRAN modeling, where
all transport channels (ne, Te, Ti, rotation, and current) are predicted without any significant free input
parameters except the density and rotation values at the pedestal top.

Figure 2: Pressure broadening with dominant off-axis NB heating at βN > 3

The measured off-axis NBCD does not lose CD efficiency by going to a larger radius, which is beneficial for
future AT reactors. The IPS-FASTRAN modeling predicts significant improvement of energy confinement
time for broad current profile with flat or weak negative magnetic shear, compared with monotonic q0 ∼ 1,
for the AT reactors. Projecting to the CAT 5 Fusion Pilot Plant with R = 4 m, B = 7 T shows an excellent
off-axis NBCD efficiency for high Greenwald density fraction operation leading to high fusion performance.
Off-axis NBCD aligns well with the high bootstrap current fBS > 0.8 operation maintaining broad current
profile with qmin>2.



Figure 3: Comparison between measurement (solid) and IPS-FASTRAN modeling (dashed) for the dis-
charges shown in Fig 2.
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