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Abstract

Injection of Lower Hybrid Heating and Current Drive into the current ramp-up phase
of JET discharges can produce extremely reversed q-profiles characterized by a core
region of very small or zero current density (within Motional Stark Effect diagnostic
measurement errors) and qmin>1. Te-profiles show sawtooth-like collapses and the
presence of an internal transport barrier. Accurate equilibrium reconstructions of these
discharges are obtained using the ESC code, which was recently extended to allow
equilibrium reconstructions in which a free boundary solver determines the plasma
boundary and a fixed boundary solver provides the magnetic geometry and current
density profile. The core current density does not appear to go negative, although
current diffusion calculations indicate that sufficient non-inductive current drive to cause
this is present. This is explained by nonlinear resistive MHD simulations in toroidal
geometry which predict that these discharges undergo n=0 reconnection events
(axisymmetric sawteeth) that redistribute the current to hold the core current density

near zero.

*See annex to J. Pamela et al, Fusion Energy 2000 (Proc. 18" |IAEA Conf., Sorrento,
2000) IAEA, Vienna.



1. Introduction

Tokamak plasmas in which local heat and particle transport are reduced by the
presence of an Internal Transport Barrier (ITB) [1,2] have been extensively studied in
recent years because they can yield high performance at relatively low plasma current
for a given value of the toroidal magnetic field, a desirable feature for a reactor. A
straightforward way to induce an ITB is to form a region of low or negative magnetic field
shear in the core of the discharge, often in combination with significant toroidal plasma
flow. (The magnetic field shear is defined as s° (r/q)(dg/dr), where the safety factor, q, is
the rate of change of toroidal flux, F, with poloidal flux, y, TF/qy.)

Low or negative shear is experimentally produced by injection of neutral beam or
radio frequency heating into the current ramp-up phase of the discharge. The heating
decreases the plasma resistivity, which delays the penetration of the current to the core,
resulting in a hollow profile of the current density, j(R). (Unless otherwise stated, we use
a cylindrical coordinate system (R, f, Z) with the assumption of axisymmetry and the
notation that j(R)=j(R, f, Z=0) is the toroidal current density on the plasma midplane.)
This effect can be enhanced by application of radio frequency current drive during the
current ramp-up to produce a non-inductive component of the current density profile that
is peaked off-axis. This has been done on the JET tokamak using Lower Hybrid heating
and Current Drive (LHCD) and is referred to as the LHCD prelude [3].

Recently, discharges with extremely reversed shear have been produced on JET [4,
5]. In this regime, j(R) in a small region near the magnetic axis, |R-Ra|£0.2m, is very
small or zero within Motional Stark Effect diagnostic [6, 7] measurement errors. (Ra is
the maijor radius of the magnetic axis.) This was inferred from the observation of a nearly
flat region of zero magnetic field pitch angle, g=tan'1(Bz/Bf), where By is the vertical
component of the magnetic field and B; is the toroidal component of the field. A similar
phenomenon was recently observed in JT-60U, where the off-axis current drive was
attributed to the bootstrap current generated by neutral beam injection [8]. JET
discharges in this regime can exhibit transient high-performance during injection of high
power neutral beam and ion cyclotron resonance heating following the LHCD prelude
[9].

Following the initial observation of the nearly flat region of zero g, j(R) was derived
directly from the magnetic field pitch angle profile measured by the MSE diagnostic
using Ampére’s Law [4]. This approach was taken because standard equilibrium
reconstructions constrained by the measured pitch angle profiles were numerically
unstable due to the fact that the scalar flux surface quantities appearing in the Grad-



Shafranov equation are not well defined when the poloidal component of the magnetic
field is small or zero. Subsequently, an improved measurement of j(R,) was obtained
from a shot in which the plasma was rapidly moved in the radial direction so that a given
point in the plasma was swept across adjacent spatial channels of the MSE diagnostic
[5]. The slope of the variation in the measured pitch angle from a channel viewing the
core region yielded j(Ra)=0.08+0.025 MA/m?. (For comparison, the off-axis peak in j(R) is
~1 MA/m?) Thus, the core current is very small. Approximate magnetic equilibrium
reconstructions showed that the resulting g-profiles have large values in the plasma core
and an off-axis minimum of gmi,=1-3 [5]. The gradient in j(R) at the edge of the core
region is very large.

Off-axis, non-inductive current drive in the same direction as the Ohmic current (co-
current drive) causes the core current density to decrease because it induces a back
electromotive force inside the non-inductive current peak that drives a negative current
in the plasma core [4]. If the non-inductive current drive is strong enough relative to the
Ohmic current, the total current can in principal be zero or negative in the core. This is a
transient effect, but it can persist for several seconds in large, hot tokamaks such as JET
and JT-60U because the total flux can not be changed rapidly. Analysis of a number of
JET discharges in this regime showed that j(Ra)=0 within the g error bars in many cases
but that it does not go negative [5], even though sufficient drive for this appeared to be
present. Thus, there is a physical effect that clamps the core current at zero. In this
paper, we demonstrate that these discharges undergo n=0 reconnection events
(axisymmetric sawteeth) that rapidly redistribute the core current to keep it near zero.

We first demonstrate that reliable equilibrium reconstructions in discharges with
zero core current density can be obtained using the perturbative technique for solving
the Grad-Shafranov equation employed by the ESC code [10]. Negative core current
density is predicted by a simple cylindrical model of the y(r) time evolution that uses
initial Ohmic and LHCD j(R) profiles predicted by the TSC/LSC code [11]. This result
demonstrates that additional physics is needed to explain the clamping of the core
current density near zero. Resistive MHD simulations in toroidal geometry by the M3D
code [12] predict the existence of reconnection events that redistribute the core current
to hold it near zero.

2. Experimental Scenario

We focus on a JET discharge that is well diagnosed during the LHCD prelude
(#53488). This discharge had B;=2.5 T, major radius Ry=2.96 m, and minor radius



a=0.95 m. The time evolution of the plasma current (I,), LHCD power, neutral beam
power, and electron temperature (T.) from electron cyclotron emission measurements at
R=3.0 m and 3.3 m are shown in figure 1. (Note that the plasma breakdown occurs at
0.5 s on the time scale used here.) 2.7 MW of LHCD power was injected for 2.6 s
starting at 1.0 s into the discharge, with the launcher phased to drive current in the co-
direction. During this time, |, ramped from 0.9 MA to 1.9 MA. The T, time evolution
shows sawtooth-like crashes that are always seen during the LHCD prelude in
discharges with extreme shear reversal. These ‘high-q’ sawteeth are similar to off-axis
sawteeth observed in reversed shear plasmas on TFTR [13].

Neutral beam injection at 2-3 MW power started at 2.5 s into the discharge and
lasted for 0.6 s. The purpose of this short beam pulse was to allow MSE pitch angle and
charge exchange spectroscopy ion temperature (T;) measurements during the LHCD
prelude. Beam injection is not normally done before the end of the LHCD prelude due to
beam shine-through resulting from the low plasma density of ne»1” 10" m™. Even this
relatively low beam power level caused some perturbation to the plasma by the end of
the beam pulse, so the pitch angles measured 0.1 s into the beam pulse are used in this
study to ensure that the effect of the perturbation is negligible. The T,, T; and n, profiles
at 2.6 s into the discharge are shown in figure 2; these profiles are used as input to the
modeling described later. Note the presence of a steep gradient on the T, profile,
indicating the existence of an electron ITB at this early time. This is generally seen
during the LHCD prelude in discharges with high-q sawteeth and low core current
density.

The JET MSE polarimeter [6, 7] observes the Stark spectrum of the D, emission
from deuterium atoms injected into the plasma by the heating neutral beams. The Stark
splitting is due to the Lorentz electric field seen by the beam atoms as a result of their
motion across the magnetic field of the tokamak. The polarimeter measures the
polarization angle, g, of the p lines of the Stark spectrum, which are polarized parallel to
the local electric field, or perpendicular to the magnetic field. The diagnostic is calibrated
using measurements obtained during beam injection into the torus filled with gas only
(no plasma) for which the field is accurately known. The overall uncertainty in the g,
measurement is typically 0.2-0.3° when both the signal statistics and calibration
uncertainties are taken into account.

For the discharge studied here, only one of the neutral beams seen by the
diagnostic is injected at the time of interest. In this case, the components of the magnetic
field are related to g, by the expression



tanym:BZa0+BRai+B¢a2 (1)
B,a, + Bga, +B¢a5

where the coefficients a, describe the geometry of the diagnostic lines of sight and the
neutral beam trajectories [6]. This relationship is complex but it can be simplified to allow
the existence of a region of small or zero j(R) to be inferred directly from the measured
On-profile. The dominant terms are those involving a, az, and as [5]. Thus, for regions of
small or zero Bz, the difference between g and g, is tan”(ax/as). This offset is
approximately —1.7°. It is due to the non-zero angle between the neutral beam trajectory
and the plasma midplane and is accurately measured by beam injection into gas (no
plasma) with the same value of the toroidal field as is used in the plasma
measurements.

Figure 3 shows the g,-profile at 2.6 s into the discharge with the offset subtracted.
The existence of a region around the plasma axis of nearly zero slope and g»0° is clearly
seen. From the definition of g this implies Bz»0, or j(R)»0, in this region within
measurement errors. The g-profile at 1.75 s into the discharge measured in a similar shot
shows a similar g»0° region, indicating nearly zero core current density at this time as
well. Our present data set does not include measurements at earlier times, so it is not
known how early this region develops. We plan to study this in future experiments.

It is well known that the radial component of the plasma electric field, E;, can
contribute to g, [14]. A direct measurement of E; is not available on JET so the
magnitude of this effect was estimated from the radial force balance equation using
charge exchange spectroscopy measurements of the carbon ion T;, density, and toroidal
flow speed. A neoclassical estimate of the poloidal flow was used. The toroidal flow term
is found to be the dominant contribution to E,, but the overall effect on g, is negligible
compared to the measurement uncertainties because the toroidal flow speed is small
due to the low beam power during the LHCD prelude [4, 5]. Thus, this effect is ignored in
this study.

3. Equilibrium Reconstruction

The ESC equilibrium reconstruction code [10] uses a perturbative approach to solve
the nonlinear Grad-Shafranov equation in flux coordinates; the difference between the
nonlinear equation and its linear form becomes a driving term in the next iteration of the
solution. An explicit algorithm is used to advance the relationship between the flux
coordinates and spatial coordinates. This approach allows the use of an efficient Newton



scheme to solve the Grad-Shafranov equation. (A detailed description is given in
reference 10.)

Recently, ESC has been extended to allow equilibrium reconstructions in which a
free boundary solver determines the plasma boundary and a fixed boundary solver
provides the magnetic geometry and current density profile. While the earlier ESC fixed
boundary solver allows considerable flexibility in prescribing the plasma equilibrium input
profiles (including the MSE g.-profiles), a new free boundary capability has been
incorporated to solve for the plasma boundary and the input profiles consistent with the
external magnetic probe and pickup loop measurements and the coil currents. For the
present study, the JET plasma and divertor geometry, the coil currents, the signals from
the magnetic probes and pickup loops located on the vacuum vessel walls, and the MSE
On-profiles as described by equation 1 are used to constrain the reconstructions. The
model of the JET iron core described in reference 15 is used. As mentioned above, y is
poorly determined for very hollow current density profiles. Thus, the flux surfaces are
labeled by the variable x=(F /F)"? where F is the total toroidal flux through the plasma
cross-section. (Note that x»r/a in the midplane.)

Figure 4 shows the equilibrium configuration obtained by ESC for the plasma
described in the previous section and shown in figures 1-3. The corresponding profiles of
the parallel current density, j(x), and the g-profile, q(x), are shown in figures 5 and 6,
respectively. Figure 7 shows the fit to tang,(R) from the MSE measurements; the fit
reproduces the nearly flat core region and the transition to the exterior region of the
tang,-profile. The fit to the magnetic probe and pickup loop signals (not shown) is very
good.

The j;(x) profile shown in figure 5 has several interesting features. There is a region
of nearly zero current density around the plasma axis with a steep positive gradient at its
edge. It is not possible to accurately determine j;(x) in this core region because it is very
sensitive to the choice of fit to tang, within the measurement uncertainties; thus, the
reconstructions can not distinguish between zero current in this region and small finite
current. The MSE g,-profile near the plasma axis suggests a negative current density
over a small region in the core with possibly zero total current within a slightly larger
region. At present, ESC can not reproduce such an equilibrium and the slightly negative
off-axis value of jj(x) is indicative of the reduction in the total current needed to
compensate for the small positive j;(x) on axis.

There is a narrow spike in j;(x) peaking at x=0.25 at the edge of this core region and
a corresponding spike in the g-profile at this radius, as shown in figure 6. This feature
and the steep gradient inside it arise from the sharp change in slope of the tang,-profile



at the edge of the nearly flat region shown in figure 5. It is not possible to simultaneously
perfectly fit this discontinuity in the tang,-profile on both sides of the magnetic axis
(indicated by the vertical line in figure 5). This inconsistency between the portions of the
tang,-profile on either side of the magnetic axis is probably due to limitations of the MSE
diagnostic calibration. However, ESC runs in which fitting to the inner and outer parts of
the tang,-profile were emphasized shows that the spike in j(x) at the edge of the core
region is always obtained, and we therefore believe that it is a real feature of the jj(x)
profile. The j;(x) spike may be the response of the plasma to current redistribution
caused by the magnetic reconnection events in the core discussed in the following
section. The second jj(x) peak at x=0.57 is broader and is due to the off-axis LHCD
current density, although the position of this peak is uncertain because it occurs at
sufficiently large radius that the reconstructed j(x) is determined by the external
magnetic probe and pickup loop measurements as well as the MSE g,-profile. The
smaller peaks in the j(x) profile of figure 5 arise from the details of the fitting to the tang,
profile and therefore may not be physical.

4. Estimate of Negative Core Current Drive

As discussed in the introduction, off-axis LHCD in the co-direction will transiently
reduce the current density inside the off-axis peak and can in principal drive it negative.
The magnitude of this effect must be estimated to serve as an initial condition for the
MHD stability calculations to follow. This can not be done using tokamak
transport/equilibrium codes such as TSC/LSC [11] or TRANSP [16] because the
equilibrium solvers fail when the current density reverses. Instead, a simple code was

used to solve the following equation for the time evolution of y (r) in cylindrical geometry:
ny e .
E —7]||(N 211) - JLH) 2)

where h(r) is the parallel component of the plasma resistivity, jx(r) is the LHCD current
density profile, and r is the radial coordinate in a cylindrical coordinate system. The total
current density, j(r), is related to y (r) by

j()=K" B =N4. (3)



Figure 8 shows the calculated evolution of j(r) over the time of the LHCD pulse for the
parameters of the discharge shown in figure 1. The h-profile was taken from a TRANSP
code calculation of the neoclassical resistivity for this discharge, and the initial j(r)
(Ohmic heating only) and j.4 profiles were taken from a TSC/LSC code simulation of the
discharge. The surface voltage was adjusted to reproduce the experimental I, time
evolution. The initial j(r) profile is slightly hollow due to the slow current penetration
during the I, ramp-up. It is clear that sufficient drive to produce a negative core current
density is present. The skin time and L/R time are both several seconds, so the j(r)
profile continues to evolve slowly through the LHCD pulse.

5. MHD Modeling

As the core current density decreases through zero to become negative, the
poloidal flux function y(F) approaches an extremum where the rotational transform
o9y /MIF=1/q goes to zero on an interior flux surface. A calculation of equilibrium force
balance to second order in inverse aspect ratio shows that existence of a surface with
=0 precludes the existence of an equilibrium in toroidal geometry [17]. (The question of
whether or not this is more generally true requires more theoretical study.) Instead, the
discharge is expected to undergo an n=0 reconnection event when i goes to zero on an
interior flux surface.

The M3D code [12] was used to study n=0 reconnection events in discharges with
extremely reversed shear. M3D can be used at a number of different physics levels; for
this problem, it was used as a nonlinear resistive MHD code in toroidal geometry. The
plasma is approximated as a collisional conducting fluid with a scalar pressure and zero
perpendicular heat flux. This approximation is valid for the study of global MHD
phenomena dominated by cross-field motion because the small gyroradius relative to the
plasma radius leads to collisional fluid-like behavior perpendicular to the field lines. The
resistive MHD equations are used, along with an additional wave equation which
represents fast thermal equilibration along the field lines. (Details of this model are given
in reference 12.)

To save computational time and to focus on the n=0 reconnection process, the M3D
runs were done in two spatial dimensions with an 80 point radial mesh. The time step
size is (0.025)t A where t, is the Alfvén time. (ta is ~1 ns for these JET discharges.) The
Lundquist number, S, was taken to be 10* to keep the computational time practical and
to ensure that the fluid approximation is valid. (Actual experimental values are S=10° or



greater.) The viscosity, m was taken to be 10 in normalized units. The initial equilibrium
and j y-profile were taken from the TSC/LSC simulation at time t=1.0 s.

The results of such a simulation are seen in figures 9 and 10, which show y (R, Z)
and D*y =Rj(R) at six times. The times are in units of the Alfvén time and are chosen to
show the maijor features of the time evolution. (In figure 9, a small contour interval is
used for all but the first time to show the details of the magnetic island evolution; the
outer flux surfaces are not shown to avoid saturating the plots.)

The maijor features of the Rj(R) and y (R, Z) time evolutions shown in figures 9 and
10 are as follows. The first time shown, t=12t,, is shortly after the start of the LHCD
pulse. Two off-axis minima in j(R) have developed and j(R) is still positive, although it
has already gone negative in two regions above and below the midplane. By t=40t 4,
m=2 islands have appeared above and below the midplane and j(R) has become
negative off-axis. Reconnection has started to occur by this time. Reconnection occurs
on the inboard side of the plasma axis by t=172t,. By this time, the island surrounding
the original magnetic axis has moved to the outboard side and is disappearing.
Reconnection then occurs on the outboard side by t=280t,. The j(R) spikes at these
times are due to the existence of a narrow current sheet in the reconnection regions.
The core j(R) then flattens and is close to zero by t=328t . Following this initial cycle,
reconnection on the outboard side recurs quasi-periodically, with the next time being
approximately t=412t,. Thus, the core j(R) is held near zero due to n=0 reconnection
events, even in the presence of strong off-axis current drive. Because of their n=0
nature, these reconnection events are termed axisymmetric sawteeth.

The magnetic field topology predicted by the M3D simulation evolves in a complex
way, as seen in figure 9. There are several reasons for this: the non-circular cross
section of the JET plasma couples islands with several values of m, the non-inductive
and inductive contributions to the total current are comparable, and the plasma b is low.
Detailed understanding of the evolution of the magnetic topology in this case requires a
two-fluid treatment and will be the subject of a future paper. A simpler picture is seen in
M3D simulations which were done with either 1) a circular cross section and low b as in
the above simulation or 2) very high b and the same plasma cross section as in the
above case. (The other parameters of these simulations were similar to those used in
the simulation discussed above.)

As an example of the simpler magnetic topology seen in these simulations, figures
11 and 12 show y (R, Z) and Rj(R) at four times from the simulation with a circular cross
section. The first time, t=12t 5, shows the equilibrium just before the i=0 surface enters
the plasma. An m=1 island centered on the inboard midplane has developed by t=60t 5



and j(R) has become negative on the outboard midplane. This is followed by outward
motion of the plasma axis and reconnection on the outboard side of the plasma at
t=84t,. By t=96t 4, j(R) is near zero in the core region. The cycle then repeats. This
reconnection topology is similar to that of a conventional g=1 sawtooth.

It is important to note that the axisymmetric (n=0) sawtooth predicted by the M3D
simulations has many similarities to the conventional n=1 sawtooth but that there are
also some essential differences. Like the n=1 sawtooth, it is required that the rational
surface =n/m enter the plasma for the reconnection to occur. This can take place either
on-axis for a current density profile with a central extremum, or off-axis when the
extremum in the current density profile occurs at a finite radius [13, 18-20]. In the first
case, the i=0 surface appears immediately and reconnection in a small region around
the plasma axis should clamp the core current at zero. The second case describes the
JET discharge: the core current takes on a finite negative value before the i=0 surface
appears, as shown in figure 10.

However, the n=0 sawtooth is fundamentally different from the n=1 sawtooth
because it has the same symmetry as the equilibrium state, and it is thus best viewed as
a transient loss of equilibrium. As soon as the =0 surface enters the plasma, the
equilibrium undergoes the n=0 reconnection event to obtain its new equilibrium state.
This differs from the conventional n=1 sawtooth, where an axisymmetric equilibrium still
exists when the i=n/m rational surface enters the plasma, but a lower energy equilibrium
state becomes accessible once the rational surface has penetrated beyond a certain
radius [21, 22].

This simulation shows that the n=0 MHD activity that arises when the core current
becomes sufficiently negative is a reconnection event associated with the transient loss
of equilibrium. Clamping of the core current at zero has previously been seen by
Huysmans et al, [23], who used reduced MHD simulations in cylindrical geometry to
show that a plasma with negative core current is unstable to n=0 resistive kink
instabilities.

Observation of the axisymmetric sawteeth is difficult because their n=0 character
implies that their frequency is independent of the toroidal flow speed. The high-q
sawteeth shown on the T, traces in figure 1 do not always exhibit precursor and
postcursor oscillations, but they are n=1 modes when they occur [24]. Thus, the high-q
sawteeth are likely to be double-tearing modes, not axisymmetric sawteeth. We plan to
perform three-dimensional M3D simulations to study the possible role of nt0
reconnection events in redistributing the core current density before the extreme

condition i=0 is reached.
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6. Conclusion

This paper provides physical insight into JET discharges with nearly zero core
current density produced by LHCD injection into the current ramp-up phase. We have
shown that accurate equilibrium reconstructions of these discharges are possible using a
perturbative technique for solving the Grad-Shafranov equation. Nonlinear resistive MHD
simulations in toroidal geometry show that these discharges undergo n=0 reconnection
events (axisymmetric sawteeth) when the core current density attempts to become
negative in the presence of strong off-axis non-inductive co-current drive. The
axisymmetric sawteeth redistribute the core current to hold it near zero and therefore
provide a possible explanation for why the core current density appears to be clamped at
zero in these discharges. A more sophisticated treatment of this phenomenon requires a
two-fluid MHD treatment. This is in progress and should allow the frequency of the
axisymmetric sawteeth to be predicted. An interesting future experiment would be to
attempt to observe the onset of the axisymmetric sawteeth early in the LHCD pulse with
the MSE diagnostic.

The existence of a mechanism that holds the core current density at zero in the
presence of strong off-axis non-inductive current drive may be important for current
density profile control in future long pulse reactors. This is particularly true of spherical
torus reactors in which it is desired to eliminate the Ohmic heating windings in the center
stack and drive all of the current by off-axis non-inductive current drive and the bootstrap
current. A previous study showed that the current would have to be increased very
slowly to avoid negative core current density [25] in this scenario. This may not be
necessary if reconnection events can be relied upon to prevent negative core current

density.
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Figure Captions

Figure 1. Time evolution of |,, LHCD power, NB power, and T, in a discharge that
exhibited a region of nearly zero core current density. MSE diagnostic measurements
were made at 3.1 s, or 2.6 s after plasma initiation.

Figure 2. T, T;, and n. profiles at 3.1 s in the discharge of figure 1.

Figure 3. Measured polarization angle, g,,, minus the zero field offset at 3.1 s in the
discharge shown in figures 1 and 2. The region around the plasma axis of nearly zero
slope implies Bz»0 or j(R)»0 within measurement errors.

Figure 4. Equilibrium from ESC code reconstruction at 3.1 s of the discharge shown in
figures 1-3. The MSE g,-profile was used as a constraint.

Figure 5. Parallel current density profile, j;(x), showing near zero core current density
with a steep positive gradient to a narrow peak at x=0.25.

Figure 6. Profile of the safety factor, q, corresponding to the current density profile of
figure 5.

Figure 7. tang, from MSE diagnostic measurement and fit from equilibrium
reconstruction.

Figure 8. Time evolution of j(r) over the duration of the LHCD pulse predicted by a
simple current diffusion model in cylindrical geometry, demonstrating that sufficient off-

axis current drive is present to produce a negative core j(r).

Figure 9. Poloidal flux map, y (R, Z), at six different times from M3D simulation. The time
is in units of the Alfvén time, ta.

Figure 10. Rj(R) from M3D code simulation shown in figure 9.

Figure 11. Poloidal flux map, y (R, Z), at four different times from M3D simulation with
circular plasma cross section.
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Figure 12. Rj(R) from M3D code simulation with circular plasma cross section shown in
figure 11.
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