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Abstract
In this paper, we analyse the main features of the pulsed poloidal current drive (PPCD) technique, used in the reversed
field pinch configuration to achieve improved confinement conditions. In the RFX experiment, PPCD corresponds to
a decrease of the magnetic fluctuations, to a peaking of the temperature profile, and to a reduced transport and plasma–
wall interaction. A three-dimensional MHD nonlinear code and one-dimensional time-dependent transport models
have been applied to study the effect of PPCD on the magnetic and plasma profiles. The three-dimensional MHD
simulations show that the external inductive drive pinches and peaks the current profile driving the configuration
through a transient phase, where the spontaneous turbulent dynamo action is quenched. The one-dimensional
transport codes indicate that the experimental profile modifications associated with PPCD are consistent with a
reduction of the stochastic transport.

PACS numbers: 52.55.Hc, 52.25.Fi, 52.30.Cv, 52.35.Mw

1. Introduction

The reversed field pinch (RFP) is a magnetic configuration
whose symmetry is broken by unstable m = 1 resistive MHD
modes. These modes generate electric fields producing a drift
velocity field and consequently a [v×B] dynamo field that can
maintain the profiles in steady state against resistive diffusion.
In standard discharges in the RFX experiment these dynamo

modes have a strong influence on the transport mechanism
governing both the centre and the edge of the plasma [1].
In the core, roughly corresponding to the region inside the
magnetic toroidal field reversal surface (where q = 0, at
r/a ∼ 0.9), transport is driven by parallel transport in a
stochastic magnetic field [2]. The magnetic turbulence causing
the magnetic field stochastization is due to the wide spectrum
of m = 1, n = 7–15 modes resonating inside the q = 0 surface
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(a regime dubbed multiple helicity or MH). In some cases, a
spontaneous transition to an MHD spectrum dominated by a
single, low n, m = 1 mode has been observed (a regime dubbed
QSH for quasi-single helicity [3]). At the edge, electrostatic
fluctuations are an important loss channel [4], but more than
50% of the power losses have been associated with localized
plasma–wall interaction due to the non-axisymmetric magnetic
perturbations caused by locked dynamo modes [5, 6].

Techniques to improve confinement have been developed.
In particular a better quality of the magnetic configuration can
be achieved by transiently applying a pulsed current in the
toroidal field coils.

The rationale of the pulsed poloidal current drive (PPCD)
that emerges from the analysis presented here is that when
poloidal currents are inductively driven at the plasma edge and
the system is in a non-stationary state, the need for the dynamo
is quenched and the adverse effect of the dynamo modes on
magnetic stochasticity is reduced.

PPCD experiments have been performed in various RFP
devices [1, 7–9], resulting in an increase of the core electron
temperature and a reduction of transport through the reduction
of the magnetic fluctuations. PPCD has beneficial effects
also on the edge properties, since reduction of the dynamo
modes entails a smaller localized perturbation of the magnetic
surfaces, resulting in a more uniform plasma–wall interaction
and in a reduction of direct parallel losses along field lines
intercepting the vessel.

The aim of this paper is to study the effect of PPCD
on the magnetic and plasma profiles in RFX and the related
decrease of the transport. In section 2, an overview
of the main experimental observations during PPCD is
given; in section 3, a three-dimensional MHD simulation
of the PPCD provides a confirmation of the direct link
between the technique and the observed reduction of the
magnetic fluctuations and highlights some new features of
the mechanism. One-dimensional transport simulations show
the achievement of an enhanced confinement regime associated
with suppression of the spontaneous dynamo action when
PPCD is applied (section 4). In section 5, some perturbative
transport studies with pellet injection confirm the robustness of
the technique and the possibility of improving its effectiveness
in terms of confinement enhancement by means of active
density control. The summary and conclusions are given in
section 6.

2. Summary of experimental observations

To recall the main features of a PPCD experiment in RFX,
the time evolution of typical plasma parameters is shown in
figure 1. It clearly evidences the reduction of the total mode
energy and the increase of the on-axis electron temperature in
the initial phase of PPCD, when the edge toroidal magnetic
field is driven more negative. It has to be mentioned that the
behaviour of the electron temperature and of the mode energy
are not fully reproducible. For example, regarding the mode
energy, there are two main sets of situations in which it either
decreases or even increases, when a QSH occurs. A more
exhaustive discussion about this point can be found in [10]. In
this paper, the experiments featuring both a significant increase
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Figure 1. Main plasma parameters during PPCD (shadowed region)
from top to bottom: plasma current, toroidal field at the wall,
normalized total mode energy, electron temperature, electron
density, and effective charge.

of the temperature and a decrease of the turbulent dynamo
activity will be discussed.

According to a standard axisymmetric equilibrium
reconstruction, the deepening of the edge toroidal field
produced by PPCD results in an inward displacement of the
reversal surface and a peaking of the current profile in the
central region.

The edge behaviour is also influenced by PPCD.
Measurements performed at a low plasma current, ∼300 kA,
show a reduction of the particle and thermal fluxes driven by
electrostatic fluctuations at the edge [11]. It has been observed
that the cause of this decrease of electrostatic transport is
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not related to an increase of the shear of the edge radial
electric field, Er , which is actually reduced. A decrease
of Er at the edge has been observed also at higher current,
∼800 kA, through measurement of the plasma rotation velocity
from the Doppler shift of C III spectral lines (C III is localized
in the last 3–5 cm of the plasma radius). Indeed, the rotation
velocity, proportional to Er if the edge density and temperature
do not change, decreases when PPCD is applied. Different
mechanisms, such as a shrinking of the plasma column, have
been suggested in [11] to explain the reduction of fluxes at
the edge.

A picture of reduced edge transport is consistent with
the simulation of the impurity behaviour during PPCD by a
one-dimensional impurity diffusion model. To reconstruct
the radiation experimental scenario, the edge region of low
diffusion found in stationary conditions has to be broadened,
as shown in figure 2 and discussed in [12].

One of the beneficial effects of PPCD is the mitigation
of non-axisymmetric magnetic perturbation due to the locked
dynamo modes. Indeed, the reconstruction of the last closed
magnetic surface shows that PPCD reduces its maximum
localized radial displacement from ∼2–4 to ∼1 cm (figure 3).
As a result of this less severe plasma–wall interaction, both
hydrogen and impurity influxes decrease drastically at the
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Figure 2. Variation of the impurity diffusion coefficient associated
with PPCD.
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locking position. Figure 4 shows the time evolution of the
Hα line at the position where modes are locked during a PPCD
experiment. Since this local contribution to the total influx
has been evaluated to be about 50% (both for hydrogen and
impurities) [5], a strong reduction in the locking region leads
to a decrease of the total H and impurity source by up to a
factor of 2.

As previously reported [13, 14], in RFX a strong decrease
of the magnetic fluctuations is observed during PPCD.
Moreover, the timescale of the magnetic mode amplitude
reduction is of the order of 1 ms and from recent analysis it has
been observed that the most internal m = 1 modes (n = 7–8)
decrease simultaneously or just before the more external ones
(figure 5). Such a behaviour cannot be simply explained in
terms of resistive diffusion since in that case a longer delay
would be expected before the core resonant m = 1 modes
could be affected.

When the temperature increase during PPCD is above
40%, in most cases a helical thermal structure is observed by
soft x-ray (SXR) tomography and by Thomson scattering (TS)
[10, 15]. By simultaneous analysis of TS profiles and data
from a double filter SXR system, it is possible to discriminate
the temperature inside and outside the localized structure,
concluding that in any case the temperature on axis increases
(figure 1) and the profile peaks during the transient phase of
PPCD. To summarize the temperature behaviour, a comparison
of the profiles obtained by TS in discharges with and without
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PPCD is shown in figure 6, where the data are ensembles of
many reproducible shots.

The behaviour of the electron density is quite different.
In RFX the time evolution of the profiles is measured by a
13 chord MIR interferometer [16]: the central chord value
decreases during PPCD, while the profile is usually hollow
before the start of PPCD experiments and does not change
significantly. An example is shown in figure 7, where
the experimental line-integrated data and the corresponding
inverted profiles before and during PPCD are reported.

Despite the reduction of the influxes, the plasma effective
charge, Zeff , from the continuum bremsstrahlung emission
remains about constant or in some cases increases slightly
during PPCD (figure 1), mainly because of the decrease of
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Figure 7. Experimental density profiles before and during PPCD:
top frame shows line average electron densities measured along
13 chords (some chords have the same impact parameter); bottom
frame show the profiles computed by the inversion code.

the electron density and a higher ionization degree, associated
with the higher temperature.

3. Three-dimensional MHD simulations

A PPCD experiment has been simulated by means of a three-
dimensional MHD non linear code (SpeCyl). The PPCD exter-
nal drive is applied as a boundary condition with a prescribed
decrease in time of toroidal magnetic field at r = a, instead
of the standard condition of constant toroidal magnetic flux
[17]. Constant poloidal magnetic field and initial conditions
of MH at � = 1.6 have been used. The Lundquist number
is S = 3 × 104 (∼106 in the experiment). As in the exper-
iment, the typical evolution of PPCD corresponds to charac-
teristic times of the external action several orders of magni-
tude larger than the Alfven timescale (τPPCD ∼ 103τA in RFX,
∼102τA in simulation) and much lower than the resistive time
(10−3τR both in experiment and simulations). Two values for
the Prandtl number (ratio between the viscous and resistive
timescales) have been considered (P = 1, 20). Figures 8–11
show the behaviour of some relevant quantities for one repre-
sentative simulation case in standard adimensional units [17].
In general, as with the experiments, this set of cases shows a
significant reduction of magnetic perturbation energy (both as
volume content and edge values), which is accompanied by a
concentration and shrinking of the magnetic profiles. Figure 8
shows the temporal behaviour of the reversal parameter and of
the magnetic perturbation energy for a standard sustainment
and an example of PPCD simulation. In the simulation a sort
of saturation in the decrease of the perturbation energy, δEM, is
found, despite the persistence of the external action. In figure 9
the profiles of toroidal current density Jz(r), µ(r) = J ·B/B2,
and radial pinch velocity vr(r), before (dotted curves) and at
the end (plain line) of the PPCD action are compared, show-
ing during PPCD a profile concentration in all the magnetic
quantities, with an increase of the pinch velocity, vr .
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A simulation has also been done prescribing a temporal
variation of resistivity resembling typical experimental
behaviour in RFX. The resulting magnetic profiles are
negligibly affected, although in this case vr displays a milder
variation.

Regarding the evolution of the dynamo terms, figures 10(a)
and (b) show at the beginning and at the end of PPCD the com-
ponents of the poloidal electric field along the radius. This
quantity accounts for the toroidal flux variation inside a surface
of radius r:

E�(r) = [ηJ� + vrBz − 〈δv × δB〉�] = −1

2
πr

(
dφ(r)

dt

)
.

In particular we display the total E�(r) and its three terms
related, respectively, to the diffusion, pinch velocity (laminar
dynamo), and fluctuating fields (turbulent dynamo). At the
beginning of PPCD the plasma is almost in a steady state and
the turbulent dynamo balances the resistive diffusion term in
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Figure 9. Comparison of the profiles of the toroidal current density,
of µ = J · B/B2, and of the radial velocity obtained from the
three-dimensional simulation before and at the end of PPCD.
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Figure 10. Profile of E� and of its three components before (a) and at the end (b) of PPCD.

the outer part of the domain, whereas the pinch velocity term
is more important in the inner part. At the end of the transient
PPCD phase, when the fluctuations are highly depressed, the
increase of the toroidal flux in the core is related to a negative
poloidal electric field and to a large pinch velocity term. This
picture differs from the original one of a resistive diffusion of
the current from the plasma edge during PPCD.

The analysis of the modification of the mode spectrum
induced by PPCD at different radial positions shows that,
while at the edge all the m = 1 modes decrease, near the
axis some of the amplitudes increase or only slightly decrease
(figure 11). This could explain the experimental observation
that in several discharges a thermal structure is observed in
the plasma core, but a corresponding dominant mode is not
detected by the external magnetic measurements [10]. To
some extent this radial behaviour characterizes also the relative
variation of more global quantities when comparing edge and
internal values (edge variations are in general more sensitive to
the external action). For example, in correspondence with the
case shown in figure 11, the total rms value of the toroidal field
at the edge and the volume integral of the magnetic perturbation
energy vary during PPCD as δBzbeforePPCD/δBzafterPPCD = 2.6
and δEM

beforePPCD/δEM
afterPPCD = 4.1. This reduction of the

magnetic perturbation is quantitatively consistent with the
experimental one and with the reduction of the stochastic
diffusion as estimated in the next paragraph.

Finally, it can be observed that PPCD acts so as to increase
the pinch parameter (RFX �: 1.4 → 1.7, F : −0.1 → −0.5;
SpeCyl PPCD �: 1.6 → 2.1, F : −0.1 → −0.6) so that the
system in its evolution tries to reach conditions characteristic
of high � stationary regimes. In this respect we could also
interpret the behaviour of the mode energy itself: numerical
simulations [17] and experimental results [18] have previously
indicated a decrease of the m = 1 mode energy content in high
� conditions. At the same time the significant increase of
the m = 0 component observed at high � occurs only on
a longer timescale in the simulations of PPCD. This may be
explained by the fact that their amplitude is a balance between
the nonlinear drive by m = 1 modes and linear destabilization
effects: further investigations will address this feature.
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Figure 11. m = 1 mode spectrum before (- - - -) and during (——) PPCD at r = a (left) and at r/a = 0.1 (right).

4. Transport simulations

Analysing the time behaviour of the F–� parameters in RFX,
it was noted [19] that during PPCD except for a short initial
interval of 1 ms or less, the magnetic profiles evolve as if there
were an anomalous vacuum-like diffusion of the external Bφ

perturbation in the plasma. This was explained assuming a
prompt reduction of the dynamo action that compensates the
increase of toroidal flux induced by the additional poloidal
current applied at the edge region. This observation finds
good correspondence with the decrease in dynamo activity
and the increase in pinch convection described in the previous
section. Taking into account these results, to look in a more
quantitative way at the transport problem, a one-dimensional
time-dependent transport code (RFXPORT, [20]) has been
applied that solves the equations for the evolution of the
magnetic profiles together with the temperature profile. In
the model the parallel component of the dynamo electric field
is included as an ‘ad hoc’ term, Ed(r) = α(r)B(r). In
particular, α(r) is determined by requiring stationarity of the
magnetic profiles before application of PPCD, and its profile
is assumed unchanged during the PPCD phase. At present, a
perpendicular component of the dynamo field is not included in
the code, while it is present in the three-dimensional numerical
simulations. This term could in principle affect the radial
velocity profile.

A simulation of PPCD has been done by applying the
consistent boundary conditions and by reducing the α function
by 50% all along the minor radius. A peaking of the current
profile is found as in the three-dimensional simulation, though
transport is not present in the three-dimensional code.

The transport code also reproduces the experimental
variation of temperature with a thermal diffusivity, χ ,
decreasing during PPCD from ∼500 to ∼100 m2 s−1 in the
plasma core (figures 12 and 13). This decrease is consistent
with a stochastic diffusion dependence as χ ∼ (δB/B)2 [2, 21]
and with the fluctuation reduction observed experimentally and
in three-dimensional MHD simulations. If a milder reduction
of the dynamo field is used in the one-dimensional model, the
F parameter deviates more from the experimental one. In
figure 14 the evolutions of F and � obtained by reducing
Ed by 50% and 30% are compared with the experimental
curves. Indeed the value of � remains somewhat higher than
the experimental in both cases, but when Ed is reduced only
by 30% the F parameter reaches too large negative values.
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Figure 12. Electron temperature profiles as obtained by the
one-dimensional transport model RFXPORT before and
during PPCD.
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Figure 13. Thermal diffusivity and particle diffusion coefficient
used to simulate, respectively, the temperature (RFXPORT) and
density (particle diffusion model) behaviour in stationary conditions
and during PPCD.

The apparent lack of significant effects of PPCD on the
density profiles of RFX could appear to be in contrast with a
regime of reduced transport. Indeed, in the MST experiment,
significant increase in density and large improvements of
particle confinement have been reported during PPCD [22, 23].
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Figure 14. Time behaviour of the F = B�(a)/〈B�〉 and
� = B�(a)/〈B�〉 parameters as obtained from the experiment and
from the one-dimensional code RFXPORT. (——): experimental;
(- - - -): Ed reduced by 50%; (· · · · · ·): Ed reduced by 30%.

On the other hand, some important differences between the
RFX and the MST experiments have to be considered. First,
the reduction by means of the PPCD of the macroscopic
magnetic perturbation due to the locked dynamo modes and
the associated reduction of the influxes from the wall are
effects much less important in MST than in RFX. This is
mainly because the former has a close fitting aluminium
shell coinciding with the first wall that greatly reduces the
radial field at the wall and does not trap large amounts of
hydrogen. Moreover, due also to the highly recycling graphite
first wall, RFX typically operates at higher densities compared
with MST, which entails a much shallower penetration of
the neutrals, i.e. the source profile in RFX is much more
edge peaked than for MST. Therefore, a reduction of the
transport coefficient in the core region, where the source term
is negligible, has little effect on the density profile in RFX. At
the same time, the large reduction of the influx during PPCD
results in a transient decrease of density.

These qualitative arguments have been quantitatively
studied using a one-dimensional cylindrically symmetric
transport code in a predictive scheme [16]. The particle flux is
expressed as


 = 
an + 
0 = −(Dan + Del)∇n + van · n + vE×B · n,

where Del is a term added to the diffusion coefficient to account
for the electrostatic transport at the edge. Dan and van are
related by van = −Dan∇Te/2Te according to the stochastic
ambipolar diffusion model [24]. We have used the same
method as in [16]: free parameters Dan and Del are adjusted
with the criterion that the simulations are not considered
acceptable if their χ2 relative to the line integral measurements
does not lie within the confidence region determined by the
inversion procedure. The quality of the agreement between
the simulations and the experimental data is highlighted in
figure 15.

As with what was found in the past [16], the stationary
pre-PPCD density profile can be reproduced with a diffusion
coefficient of the order of 40 m2 s−1 in the centre decreasing
to 1 m2 s−1 at the edge (figure 13). Impurities could contribute
as an electron source [25]. However, their effect has been
neglected, as discussed in [16], due to the low-charge ions

n 
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.e
19

 m
–3

)
n 

(1
.e

19
 m

–3
)

Figure 15. Top: experimental line average electron densities
measured during PPCD along 10 chords (×+) compared with the
simulation by the one-dimensional particle diffusion code (��).
Bottom: simulation of the electron density profiles obtained by the
particle diffusion code before and during PPCD.

present in RFX (carbon and oxygen), resulting in a low
effective charge, which does not increase during PPCD.
Consistent with the experimental decrease of total hydrogen
influx, during PPCD the source term in the particle continuity
equation, i.e. the neutral density, has been decreased by a
factor of 2. Then a good simulation of the density profile
(see figure 15) can be obtained assuming a decrease of Dan

by a factor �2 during PPCD (figure 13). A lower diffusion
coefficient would imply a more peaked density profile both
directly by the term Dan∇n and through the dependence of the
outward velocity. These effects are substantially compensated
by the higher temperature gradient (resulting in a net increase
of the anomalous outward velocity) and by the reduced source.
In this way a hollow density profile with decreasing total
number of particles is maintained. Therefore, the very different
behaviours of the ne and Te profiles in RFX are both consistent
with a reduced diffusion regime. It can be observed that,
both before and during PPCD, the χ/D ratio is ∼5–10,
while the value expected from the collisionless Rechester and
Rosenbluth model would be χ/D = (me/mi)

1/2 ≈ 40. On
the other hand, due to the uncertainty in the estimates of the
source term and the local Te gradient and to the relatively small
gradients that characterize the core density profiles in RFX, it
is presently rather difficult to draw a definite conclusion on
behaviour of particle diffusivity during PPCD. Actually, the
particle transport mechanisms in RFX are still a matter of
debate. For example, considering collisional effects, which
can play a role especially at the plasma edge, would imply a
lower value for χ/D [21].

5. Combined pellet–PPCD experiments

A perturbed transport study [26] has been performed launching
hydrogen pellets in combination with PPCD. The pellets had
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Figure 16. Experimental (——) and simulated (- - - -) central density and temperature, simulated central and edge D, and χ for shots 8059
and 8040.

a velocity vp = 400–500 m s−1 and ablated completely in
the plasma: they reached the centre and produced a transient
peaking of the density profile. The volume average density was
roughly doubled, whereas the central temperature was reduced
by 30–40%. In standard discharges pellets reaching the
plasma centre trigger a dynamo relaxation event that enhances
the global transport and prevents temperature recovery after
injection [27]. This is thought to be induced by the strong
core cooling with the associated growth of centrally resonating
MHD modes. Conversely, injecting a pellet during PPCD,
we find that two cases are possible, depending on the relative
timing between pellet and PPCD. If the pellet is injected in the
early phase of the PPCD when its mode stabilizing effect is
strong enough, a synergy between pellet injection and PPCD is
seen: the plasma-enhanced confinement is maintained, leading
to an increase of the global β. This is shown in figure 16 (pulse
8059). In this case PPCD starts at 32 ms, at the same time
that the pellet enters the plasma. Both D and χ decrease, as
in successful PPCD experiments unperturbed by pellets. On
the other hand, for pellet injected at later times, the PPCD
is less effective and the transport reduction is lost (figure 16
pulse 8040, PPCD starts at 32 ms, pellet enters the plasma at
36 ms). These results confirm the robustness of the improved
confinement regime, which is resilient to large density and
temperature perturbations in the plasma core.

6. Summary and conclusions

The simulation with a nonlinear three-dimensional MHD
code confirms the concentration and peaking of the magnetic
and current density profiles obtained by simple equilibrium
reconstruction models applied to RFX data and also
experimentally found in MST by direct FIR measurements
of the toroidal component of the current density [28]. In
our analysis this effect is essentially due to the decrease of
the turbulent dynamo term and to the increase of the pinch
velocity associated with the toroidal flux modifications. At
variance with what was originally proposed as an explanation
for the perturbation reduction during PPCD [1, 7], these results

indicate that the PPCD action does not produce a net current
drive in the edge plasma region. In particular, an improvement
in terms of linear stability is not found—which would require
a flattening of the parallel current density profile [29]. This
may not be a surprise, since in highly nonlinear systems, like
the RFP, the saturation amplitude of the perturbations is not
expected to be primarily determined by the linear stability.
Further analysis will address this issue.

One-dimensional time-dependent transport codes show
that a thermal diffusivity decreasing during PPCD propor-
tionally to (δB/B)2 explains the experimentally observed
temperature increase and peaking. A decrease of the parti-
cle diffusion is also consistent with the experimental density
profiles, although not completely consistent with the stochastic
model.

The general picture of a PPCD experiment in RFX
emerging from our analysis is the following. The externally
driven increase of the toroidal field reversal produces a
drop in the magnetic fluctuations and a concentration of
the toroidal flux in the core. In this condition the non-
stationarity of the system makes unnecessary the symmetry
breaking of a stationary Ohmic device (Cowling theorem,
[30]). Consequently transport is reduced, Te increases, and
the magnetic and temperature profiles peak.

The combined pellet–PPCD experiments have further
confirmed this picture, showing that a robust improved
confinement is present only during the early phase of PPCD,
when the amplitude of the MHD modes is quenched.

Although several issues remain open and a more
quantitative assessment of the process would require a
better knowledge of the experimental magnetic and plasma
profiles, the link between transport and magnetic turbulence is
confirmed by our analysis. We also remark that in different
machines different configurations and operational regimes
may correspond to different physical processes. In any
case, when estimating global confinement times the caveat
regarding the highly transient conditions should be considered
[1, 23, 31, 32].

A possible technique to extend the reduced dynamo phase
is the application of an oscillating poloidal electric field at the
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plasma edge. Experiments performed in RFX demonstrated
that, despite being intrinsically transient, the inductive current
drive leads to an improved regime if applied in a repetitive
scheme [14]. Another possibility of obtaining a steady
state without magnetic turbulence is that of an Ohmic single
helicity state [33], though yet to be experimentally achieved.
Alternatively, non-magnetic techniques such as the RF current
drive [31] could be experimented in RFPs to demonstrate the
attainability of a stationary low turbulence regime.
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