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Improved Particle Confinement in Transition from Multiple-Helicity
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The quasi-single-helicity (QSH) state of a reversed-field pinch (RFP) plasma is a regime in which the
RFP configuration can be sustained by a dynamo produced mainly by a single tearing mode and in which a
helical structure with well-defined magnetic flux surfaces arises. In this Letter, we show that spontaneous
transitions to the QSH regime enhance the particle confinement. This improvement is originated by the
simultaneous and cooperative action of the increase of the magnetic island and the reduction of the

magnetic stochasticity.
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The processes of self-organization are features of many
physical systems in which there is a natural evolution
from a turbulent to a laminar state. An example of such
systems is the reversed-field pinch (RFP) [1], a mag-
netic configuration for the confinement of thermonuclear
fusion plasmas, which is spontaneously sustained by a
dynamo process [2]. The typical RFP configuration has a
safety factor profile g(r) decreasing from the core to
small negative values at the edge; as a consequence, a
large set of magnetic modes with toroidal mode number
n and poloidal mode number m satisfying the resonant
condition g(r) = m/n, is resonant in the plasma core. In
the conventional scenario, called multiple helicity (MH),
the nonlinear interaction of such modes generates the
dynamo field essential for the sustainment of the con-
figuration [2], but also causes magnetic surface destruc-
tion, thus significantly deteriorating particle and energy
confinement.

In the last few years, several research studies have
shown that the dynamo mechanism can be produced in a
regime different from MH. Theory predicts that the RFP
plasma can spontaneously enter into a regime in which the
dynamo is generated by a single m = 1 tearing mode
(single helicity, SH) [3]. Under this condition the plasma
core is characterized by closed helical magnetic surfaces
and the conventional turbulent dynamo is replaced by a
laminar dynamo with a dominant electrostatic nature [4].
Even if the SH has never been reached experimentally, re-
gimes in which one m = 1 mode is dominant while the
other modes (called secondary modes) have low ampli-
tude, have been obtained in several RFP devices. This state,
named quasi-single-helicity (QSH), has been found in all
the presently working RFP experiments [5—7]; evidences
of its presence were found even in old devices [§—11]. The
QSH state is characterized by a global helical structure
with conserved magnetic surfaces, that has been identified
with the magnetic island generated by the dominant mode
[5]. It is also characterized by a decrease of the secondary
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modes [7] and hence, in principle, by the decrease of the
magnetic stochasticity throughout the core. However, to
date, even if it was shown that the plasma is hotter inside
the island than outside [12], there was no experimental
evidence that the QSH regime can produce a better global
confinement.

In this Letter, we show that QSH are regimes with
improved particle confinement. In the first part of the
Letter we show that spontaneous transitions from the MH
regime to the QSH regime produce an enhancement of the
particle confinement time, 7,, and the growth of the soft
x-ray intensity, /sxg, all over the plasma. Using the experi-
mental magnetic spectrum as input to the ORBIT code
[13,14], the increase of 7, has been verified also numeri-
cally. In the second part we discuss the physical reason for
the improvement of 7.

Data have been taken in the TPE-RX experiment [15],
an RFP device with a major radius R = 1.72 m and a
minor radius a = 0.45 m. The magnetic fluctuation spec-
trum is measured using two toroidal arrays (placed at the
inboard, and outboard sides of the vacuum vessel), each
one composed of 32 coils, allowing the measurements of
the edge m = 0, 1 fluctuations 50’,, and 51,,1 with a toroidal
number resolution up to n = 15. Note that the core mag-
netic perturbation amplitudes, in particular, the m = 1, are
theoretically and experimentally found to be proportional
to such signals [16,17]. The line-averaged electron density
profile n, is measured by a two chords (located at r/a = 0
and 0.69) interferometer [18] and the line-integrated alpha
line emission D, of the working gas (deuterium) is mea-
sured by a toroidal array of 17 monochromators looking at
the plasma core [19]. The core electron temperature 7', at
35 ms, is measured by a single point Thomson scattering
diagnostic. All discharges analyzed are characterized by
similar experimental conditions: plasma current [p =
300 kA, reversal parameter F = B,(a)/(By) =~ —0.1,
pinch parameter ® = By(a)/(B,;) =~ 1.4, and electron
density n, = 6 X 108 m~3,
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In TPE-RX both long-lasting QSH and intermittent QSH
are commonly found [7]. Figure 1 shows an example of
intermittent QSH. The increase of the dominant mode
b} ,—¢, the innermost resonant one, goes with the reduction
of the secondary modes, Fig. 1(b). The shape of the mag-
netic fluctuations can be quantitatively estimated analyzing
the spectral index, N, = [3,(b7,,/>,b%,)?]7"; a pure SH
regime corresponds to Ny = 1, while the QSH regime,
having residual secondary modes, has N, > 1. To discrimi-
nate between QSH and MH, we choose the threshold value
N = 3 [7]. The time evolution of N, is shown in Fig. 1(c);
during the discharge, several transitions from MH to QSH
occur. The Isxgr signal measured by a central chord divided
by n2 is shown in Fig. 1(d), along with the total radiation
P.q. Isxr/n? is related to impurities and to T, [Isxg/n2 ©
f(Ze)T? with y = 3 in TPE-RX] and is well correlated
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FIG. 1. Example of intermittent QSH: time evolutions of
(a) plasma current, (b) dominant mode, and root mean square
of secondary modes, (c) N, and (d) Isxg/n2, and total radiation
P4 measured by the central chord of the bolometer. Frame (e)
shows the radial profile of Isxg/n2 at t; during MH and at t,
during the QSH regime. The vertical dashed line represents the
radial position of the island.

with N; on the contrary P, is related mainly to impurities
and is not correlated with N;. We cannot completely ex-
clude a contribution due to the impurities, but these results,
supported by the trend between T, and N, in Fig. 5(b),
indicate that the main contribution to the enhancement of
Isxg/n2 is due to the T, term. Note that, even if Igxg
decreases after 40 ms due to the waveform of Ip,
Fig. 1(a), the transition to the QSH state still produces
the increase in Igxg/n2, at t= 51 ms. Moreover, the
Isxg/n% enhancement occurs throughout the plasma and
not only inside the magnetic island; this is shown by the
radial profiles of Fig. 1(e) calculated at #; = 32.2 ms and at
t, = 33.7 ms that are the time from which the plasma
begins the transition to the QSH regime and the time of
the purest QSH. Figure 2, which shows the tomographic
SXR images at t; and t,, confirms that the magnetic island
characterizes the plasma core during QSH states.

Transitions from the MH to QSH regimes produce the
improvement of the particle confinement time 7,. The
latter has been calculated using the relation 7, =
N,/(C{(D,) — dN,/dr), where N, is the total number of
particles determined from density measurements, (D, ) is
the toroidally integrated D, emission, and C is a constant
determined as in Ref. [18]; note that the source term is
proportional to the D, emission, see Ref. [18]. The core
density and the peaking factor P = n%/n%° are shown
in Fig. 3(a) and (D,) in Fig. 3(b). During the MH-QSH
transition the density is almost constant, supporting the
idea of a continuos MH-SH transition, being QSH an
intermediate stage that does not require (up to the present
knowledge) a drastic change of profiles. Nevertheless, the
reduction of the source term shows that the transport has to
be reduced and hence that 7, has to be increased, Fig. 3(c).
In the last part of the discharge, at = 48 ms and = 51 ms,
the transitions do not produce a clear increase of 7 ,; this is
due to the relatively high level of secondary modes that
decrease only to = 0.4, Fig. 1(b), while they decrease up to
0.3 in the earlier transitions. As described below, 7, de-
pends on the amplitude of the secondary modes as well as
of the dominant one.

The improvement of 7, in the QSH regime has been
verified also numerically, using the Hamiltonian guiding
center code ORBIT [13]. To confirm the performance im-
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FIG. 2 (color online). Tomographic SXR images at (a) #; dur-
ing the MH state and (b) ¢, during the QSH state.
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FIG. 3. Time evolutions of (a) core electron density n, and
peaking factor P, (b) integrated D, radiation, (c) particle con-
finement time 7,. Gray areas highlight the QSH states.

provement in the MH to the QSH transition, experimental
data of the same shot of Fig. 3, at ¢ (hereafter called the
MH case) and ¢, (hereafter called the QSH case), have been
used as inputs for the code. Typical TPE-RX thermal
conditions, energies 7; ~ 300 eV and T, ~ 550 eV and
collision frequencies »; ~2.7 X 10° sec™! and v, ~
3.6 X 10° sec”! have been adopted; magnetic data at the
plasma edge are taken into account, solving the equilib-
rium magnetic field and the (pressureless) Newcomb equa-
tion for the perturbations; the latter procedure involves the
experimental measurements of both the radial b, and to-
roidal b, components of the fluctuations at the edge.
Transport properties are deduced by the time 7; required
to lose 50% of the particles deposited in the plasma core
out from a preset border located at an outer radius [14]. For
the present investigation a set of particles, with random
pitch, v /v, distribution in the interval [—1, +1], has been
deposited on the vertices of a dense mesh on the § = 0
plane, varying the radial and the toroidal coordinates (¢,
¢) only, where ¢, is the poloidal flux coordinate and ¢ is
the toroidal angle [13]. The results are shown in Fig. 4. In
the four frames the toroidal section of the Poincaré map
(black dots) and 7 (in every position, the color represents
the loss time for the set of particles therein deposited) are
shown. While in the MH case [Figs. 4(a) and 4(c)] the field
is mostly stochastic, in the QSH case [Figs. 4(b) and 4(d)]
clear conserved magnetic surfaces emerge, corresponding
to a (m, n) = (1, 6) magnetic island. Concerning ion loss
time 7} , the comparison between MH and QSH is shown in
Figs. 4(a) and 4(b); 72 has the same trend in both cases: ion
transport is not markedly affected by the presence of the
QSH island, but at the same time the MH case seems to
retain a helical perturbation (the reason will be discussed
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FIG. 4 (color online). Poincaré sections of the magnetic fields
(black points) in the MH (a),(c) and QSH (b),(d) cases.
Overplotted, as a colored contour, the values of the loss time
7;, for ions (a),(b) and electrons (c),(d).

later); the relatively large collisional effects together with
the toroidal drift tend to smooth out the macroscopic
magnetic structures. Instead, as far as electrons are con-
cerned, such effects are significantly smaller: the loss time
7¢ is strongly affected by the conserved flux surfaces, as
shown in Figs. 4(c) and 4(d), but an increase of confine-
ment, with respect to the MH case, exists not only inside
the island. To better quantify the latter point, we can

consider the values of 72/‘3 averaged on small portions
surrounding the best or worst transport performance loca-
tions in the core, i.e., the island O point (indicated in the
figure with O) and the point at the same radial position in
antiphase to it (indicated with X). The results are summa-
rized in Table 1. As pointed out in Ref. [14], we expect the
transport to be mainly determined by the slowest species,
therefore a qualitative behavior for ambipolar transport
can be deduced. Regarding the O region, in MH, ions
drive the ambipolar transport [7;(0)/7$(0) ~ 10],
whereas in QSH, the transport is led by electron motion
[70(0)/7¢(0) ~ 1/2], with a resulting improvement in
ambipolar confinement inside the island. In the X region,
the MH case shows a purely stochastic behavior, with a
ratio 7% (X)/7$(X) ~20-40 and a consequent ambipolar
loss time expected to be 7¢(X) ~ 7i(X)/2; see [14].
Conversely, QSH shows a decrease in stochasticity as the
ratio between the loss times is lower, 74 (X)/7¢(X) < 10.
As a consequence, for the latter case we expect in the X
region an ambipolar time 7¢ (X) larger than 74 (X)/2. These
assertions on the extreme values of 7§, together with the
realization that in the MH case the loss times of the X
region match a wide part of the plasma core performances
[where therefore we can consider 7¢ ~ 7 (X)/2], allow us
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TABLE I. Average 7; in the MH and QSH cases.
7, (ms) MH QSH
71 (0) 0.6 =0.2 1.0 = 0.2
75 (0) 0.06 = 0.01 22+0.2
7 (X) 0.5*02 0.5+0.2
75 (X) 0.02 = 0.01 0.08 = 0.01

to deduce a global particle confinement improvement in
the core for QSH, even though a direct ambipolar loss time
computation is not possible, due to the coexistence of
stochastic and regular zones [14]. When we consider the
outer region, the two cases, QSH and MH, become ap-
proximately equivalent. Here we should highlight that in
the MH case (t = t,) b 1,6 1s still more than the double of
b Lsec» Fig. 1(b), explaining the surviving asymmetric be-
havior of 7; in Figs. 4(a) and 4(c). Using experimental data
of purer MH regimes, even more conclusive results have
been obtained.

A statistical study has been performed over an ensemble
of shots under the same experimental conditions. Data
have been sampled in time intervals 1 ms long, between
25-35 ms, i.e., only during the flat top of the discharge.
The trend of 7, versus N, is shown in Fig. 5(a). The
increase of 7, with the decrease of N, shows that approach-
ing the purest QSH regimes the particle confinement is
improved. The same trend has been found for T, versus N,
Fig. 5(b), showing that the QSH plasma is hotter than the
MH plasma.

The parameter N, contains information on the shape of
the whole magnetic spectrum; separating the contribution
of dominant and secondary modes allows us to get insight
into the real cause of the confinement improvement. In
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FIG. 5. Correlations of (a) 7, and (b) T, versus N,. Correlation
of 7, versus (c) the dominant mode and (d) the rms of the
secondary modes for MH (O) and QSH (@).

Fig. 5(c) we show the trend of 7, versus the dominant
mode, b 1,6 The MH regime is not affected by b 1.6» instead,
in QSH regimes 7, increases with b 1.6- The increasing of

the amplitude of 51,5 helps the emergence of extended
regions with well-conserved flux surfaces, which locally
increase the particle confinement. Also the decrease of the
secondary modes play a crucial role for particle confine-
ment: due to the related reduction of the magnetic field
stochasticity outside the island, 7, clearly scales with by sec
[Fig. 5(d)]. The improved confinement is therefore due to
the cooperative effect of the reduction of the secondary
modes and of the increase of the dominant mode.

In this Letter we have shown that spontaneous MH to
QSH transitions bring a global improvement of particle
confinement. Furthermore, a global higher energy confine-
ment is suggested by both the increase of Igxg/n2 and the
trend of 7, vs N,, which show a higher core electron
temperature.
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