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ABSTRACT

This paper is devoted to the characterization of magnetohydrodynamics (MHD) tearing modes causing plasma-wall interaction (PWI) in the
Reversed-Field eXperiment (RFX-mod) reversed-field pinch (RFP) device. We study an example of a magnetic reconnection event in a high
plasma current discharge. The PWI is measured via a fast camera looking at the graphite-covered inner wall, showing two separated foot-
prints of neutral carbon radiation. A first, simple analysis shows that the phase-locking of m = 1 tearing modes is the principal cause of
enhanced PWI, as it is well documented in literature. Many modes contribute to the phase-locking, actually more than those measured with
the magnetic sensors. A more refined analysis is based on calculation of the Connection Length to the wall and of the loss time of Maxwellian
ions via the Hamiltonian guiding center code Orsit. This analysis confirms the importance of the m = 1 phase-locking as a loss channel of
high-energy particles, which is the mechanism that dominates the PWI pattern, but an additional role of the m =0, n =7 mode is
highlighted, which is a new result for the RFP. The PWI mediated by the m = 0 islands is milder, which is a good outlook for the REX-mod2
upgraded device, currently in the assembly phase.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0211018

I. INTRODUCTION

The Reversed-Field eXperiment (RFX-mod) is a medium-sized
device that was operated at Consorzio RFX, in Padova (Italy) between
2004 and 2015." Tt was an improved version of the old RFX” (1991-1999).
REX-mod has a major radius Ry =2 m and a minor radius
a = 0.459 m. It mainly works in the so-called reversed-field pinch (RFP)
magnetic configuration for plasma confinement.” RFX-mod is devoted to
the study of the RFP confinement at high plasma current (I, <2 MA)

The numbers m and n represent the poloidal and the toroidal
periodicity of the magnetic field line and correspond to the number of
magnetic islands along the respective angles 0 and ¢. In RFX-mod, the
value of the on-axis safety factor, g(0) = lim,_,(rB,)/(RoBy) ~ 0.15,
which is rather small with respect to the tokamak due to the large value
of By. As a consequence, the innermost m = 1 resonant mode has
toroidal mode number 1y = 7. In addition to m = 1 modes, the pres-
ence of the reversal surface causes the resonance of the m =0, n > 1
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and the active control of magnetohydrodynamics (MHD) instabilities.
Presently, the device is being upgraded and will resume operations as a
new modified version, named REX-mod2," by the end of 2025.

In the RFP, the safety factor g(r) is monotonically decreasing
with minor radius, it vanishes at the plasma edge and becomes slightly
negative at the wall. The surface with g = 0 is called “reversal surface.”
As a consequence, a large number of MHD modes can resonate with
mode numbers m = 1, n > ny, where the value of n, depends on the
q profile, as shown in Fig. 1.

spontaneous tearing mode instabilities.’

The m = 1 mode spectrum is characterized by rich dynamics’
showing a typical interplay between modes. The scenario where the
innermost (dominant) ny = 7 mode prevails in the spectrum with
an amplitude much larger than the other # > 7 modes, dubbed
“secondary” modes, is called quasi-single helicity (QSH) state. Plasma
in the QSH state is characterized by enhanced confinement properties
and an ordered topology. The QSH was initially discovered in RFX,”’
but then it was found in several other REPs,'’ '’ confuting the
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FIG. 1. Safety factor profile in a typical, high current RFX-mod discharge. The inner-
most resonances with m = 1, n = 7, 8 are marked as vertical, dashed lines. The
m = 0 modes resonate at the reversal surface, where q vanishes (green dot).

paradigm, based on the Taylor’s theory,'* that the RFP was always
dominated by magnetic chaos.'” When no mode dominates, the
spectrum is broad'® '® and the plasma is in the traditional, chaotic,
low-confinement state called multiple helicity (MH).” QSH states are
found more often when running high plasma current discharges,”"*
due to the favorable scaling with the Hartmann number.'” QSH
states at high current are nevertheless interrupted by reconnection
events, which drive the system to the MH:*" these events are also
called “crashes.” The interest in crashes is both theoretical, since they
are very interesting examples of magnetic reconnection events,”"*”
and practical, since they are associated with the loss of confinement,
marking the transition from the good QSH phase to short hiatuses
when the mode spectrum is in the MH. The transition is character-
ized by a sudden, total or partial decrease in the dominant mode
amplitude and the consequent rapid growth of secondary modes. A
typical example of a QSH-MH transition is reported in Fig. 2, which
shows how the plasma parameters change during the reconnection
event (crash): the m = 1, n = 7 amplitude (black) decreases and the
r.am.s. of the secondary modes (red) increases at the same time.
Regarding magnetic equilibrium, the toroidal and the poloidal com-
ponents are subject to a sudden change, which is traditionally moni-
tored through the so-called “reversal” and “pinch” parameters, F and
©. They are defined according to™’

By(a)
(By) (By)

where B, (a) and By(a) represent the toroidal and poloidal magnetic
field strengths at the edge. Brackets, (-), indicate the radial average of
the profile. Figure 2(b) shows that @ increases during the QSH phase,
which indicates that the parallel current peaks on axis,”” while during
the crash F drops, meaning that the current profile is flattened and the
toroidal component becomes more “reversed.””* The main conse-
quence of this global redistribution of the equilibrium fields is the
weakening of magnetic confinement.”’ This can be easily observed in
Figs. 2(d) and 2(e), showing the core electron temperature and the
electron density both in the core and at the edge (r/a =~ 0.9). As
expected, the plasma core cools down since the “Internal Transport
Barrier” (ITB) associated with QSH™* disappears, partially or

F = (1)
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FIG. 2. QSH-MH cycle during RFX-mod shot #30810, at t = 133 ms. (a) m =1
mode amplitude, b, during discharge #29324. b; (black) represents the dominant
1,7 mode amplitude, bse (red) indicates the r.m.s. of the secondary mode ampli-
tudes, (b) reversal parameter F, (c) pinch parameter ®, (d) core electron tempera-
ture, and (e) core electron density (black) and edge electron density (red). Crash
time instant is marked with a vertical, dark green line. Adapted from Ref. 6.

completely. At the same time, the edge density increases [Fig. 2(e)],
which is a signature of particle loss and enhanced wall recycling.

As already shown in Fig. 2(a), during the crash, secondary modes
grow in amplitude. In addition to this, they also tend to align their
phases: the main consequence is the development of a strong toroidally
localized plasma deformation, called Slinky or Locked Mode (LM).***7
Experimentally, the LM is the cause of particle losses associated with
strong plasma-wall interaction (PWT),”” overheating of the plasma fac-
ing components,zg”m sputtering,’l and radiation.”””* All of these must
be avoided or mitigated in the future REX-mod2 upgrade.

This paper deals with an example of a crash happening in the dis-
charge #29324, characterized by high plasma current: I, ~ 1.6 MA at
the flat top. The discharge is mainly in the QSH state; nevertheless, sev-
eral crashes are observed. From Fig. 3(a), we noticed that one of these
crashes happens at t = 218 ms and determines a well diagnosed PWI
event.”” In fact, Fig. 3(c) was taken by a charge-coupled device (CCD)
camera looking at the inner wall of the device,”* showing two separated
footprints, located toroidally at ¢, = —8° and ¢, = 7°. The vacuum
vessel of REX-mod is protected against the edge plasma with graphite
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FIG. 3. (@) m = 1 mode amplitude, b, during discharge #29324. b; (black) represents the dominant 1,7 mode amplitude, bse. (red) indicates the r.m.s. of the secondary mode
amplitudes. Time instant t = 218 ms is marked with a vertical, orange line. (b) Locked-Mode shape, described by using the Locking Strength parameter with modes
8 < n < 23. (c) Image of the PWI in the same shot and time instant. Adapted from Ref. 33. The two red footprints are located toroidally at o, = —8° and ¢, = 7°.

tiles, which completely cover the first wall.” Therefore, the PWI pattern
is detected by looking at the CI (neutral carbon) emission line at
970 nm. In Fig. 3(a), it is noteworthy that the QSH survives despite the
crash: this is not uncommon, most reconnection events may not destroy
the QSH state completely, and thus they are dubbed “minor crashes.””’

The contour map in Fig. 3(b) shows the evolution of the toroidal
position of the LM, which was located at ¢ ~ 0 during the crash. The
LM toroidal position is determined by using the “Locking Strength”
(LS),""*° a parameter that quantifies the level of m = 1 mode align-
ment: LS =1 means complete phase-locking, while LS = 0 means
random phases. From Fig. 3(b), it follows that maximum PWTI is found
at the locking position, which is a well-known result in the REP.”” "
In fact, in the old RFX device, PWI was dominated by the LM, which
was also locked to the wall: measurements scaled with the LM position,
no refined analysis was necessary.”**””"** In the RFX-mod upgrade,
the LM was put into rotation, and considerably reduced in size: the
role of m =0 modes in determining the PWI was discovered and
described with more accurate numerical methods, e.g., the deforma-
tion of the last closed flux surface (LCFS).”” With the progress in the
exploitation of the feedback system,”” and the exploration of the high
current scenario,'® the QSH state started to dominate the PWL,** **
and the LM had a role only during the crashes,”” as explained above.
This new scenario requires to develop nonlinear, numerical methods
characterized by much more detail with respect to what was done in
the past: this is the goal of the present paper. The methods proposed
here could be of some interest also for the tokamak community, since
phase-locking of the m = 2, n = 1 and m = 3, n = 1 modes is often
seen in tokamaks,"' and ensuing stochasticity has been proposed as an
important mechanism prior to disruptions.***’

In the paper, a gradual approach of increasing complexity will be
used. First, it is possible to calculate the plasma deformation induced
by the LM of the m =1, n > 7 modes, following the traditional
method of the LCFS used in REX-mod.” This is done in Sec. II. The
new, more refined analysis consists in simulating the dynamics of a
large number of ions in the presence of an extended spectrum of

magnetic perturbations. In this paper, we calculate the Connection
Length to the wall L,,, a metric that is widely used in the tokamak
community when dealing with an ergodic magnetic edge."*"” To per-
form the calculation, in Sec. IIT we make use of the Hamiltonian guid-
ing center code Oreit,* and we compare the L.,, map with the CCD
image of Fig. 3(c). Finally, to assess the impact of the various topologi-
cal structures on the measured PWI, simulations with a realistic
Maxwellian ion energy distribution are discussed in Sec. IV.
Conclusions and final considerations are then drawn in Sec. V.

Il. PLASMA SURFACE DEFORMATION INDUCED BY
PHASE-LOCKING

In this section, we will analyze the deformation of the LCES
induced by the tearing modes during the crash event, following the
method routinely used in RFX-mod to describe the PWL7" as
explained in the Introduction. The local, ideal displacement due to a
generic m, n mode can be defined as

—irb" (7’) ei(l),,,,n((ltrp,t)
Ay =Re o
[m — nq(r)]Bo(r)

P E
i o en -3 @

where b/, . is the amplitude of the m, n mode, @,,, ,, is its global phase, g
is the safety factor, and By is the equilibrium poloidal magnetic field."”**
In REX-mod, A,, , is reconstructed via the NewComb Toroidal (NCT)
code,” which solves the Newcomb’s equations in toroidal geometry
starting from magnetic measurements. The total LCFS deformation due
to secondary modes is calculated at ¥ = a by summing linearly the indi-
vidual mode contributions: A (6, @) = 322> ¢ A1,(0,p). We con-
sider m = 1 modes, only, since they resonate in the core and the local
displacement (2) does not diverge at r = a. On the contrary, it diverges
for m = 0 modes because they resonate at the reversal surface, which is
close to the edge, as already shown in Fig. 1.
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A suitable way to describe the LCFS deformation near the LM is
to define a modified version of the Dirichlet kernels that also takes into
account the shape of the m =1 spectrum. We call it “Locking
Parameter” (LP), given by

Mimax

LP(¢) :% Z Ay cos(Lep), (3)

L=Npin

where D = 7/ Ay is a normalization factor, in order to have max-
imum LP =1 at its maximum. The LP coincides with the Locking
Strength LS, if the latter is calculated on the equatorial plane at = 0
and in the reference frame of the LM,”® where all mode phases are
equal.”*”" The factor A, represents the weight of the £-th mode in the
calculation, namely, Ay = #,4 + 1 — ¢, which reproduces well the
decaying trend of the secondary m = 1 mode spectrum, as we will
show in Sec. 1IID. Given that #,,;, =8, it follows D = (#a

—6)(fimax — 7)/2 and with some algebra it follows that

. 1
sin {(nmx + E) (/)} L

(”max + 1)
LP =
((/)) (”max - 6)(nmax - 7) sin f
2
2An,,.(0) 1

B (nmux - 6)(”max - 7) B Z(nmax - 6)(”mux - 7)
(nmax + 1) Cos(nmax(p) — Mmax * COS[(”max + 1)(/)] - 1}
X

sin 2 <£) 7
2
(4)

where A, = 3"/_ (Byax + 1 — €) cos(£¢). Details about the deriva-
tion are contained in the Appendix. Such an expression for LP(¢)
depends on 7,4, which is related to the number of modes involved in
the LM structure: obviously, the wider the spectrum, the more LP(¢)
approximates a Dirac delta, 5(¢).

Figure 4 represents the comparison between the distortion of the
LCFS and the LP(¢) profile taking #,,,, = 23: there is a correlation
between the first two minima of LP and the maxima of Ag(¢).
Nevertheless, the distance between the two minima of LP(¢) (& 25°) is
larger than that observed between the two PWI stripes in Fig. 3(c):
Ap = ¢, — ¢, = 15°. The shape of the LP becomes compatible with
the PWI pattern only if 7,4, is increased, suggesting that a larger number
of MHD modes is involved in the PWI than those measured
(Myax = 24) with magnetic sensors.”" This confirms the clear evidence of
modes with 1 > 24, which has already been reported in RFX-mod.”**
By taking the analytical expression for LP from Eq. (4), and imposing the
distance between the first two minima to be equal to A, one gets

Hmax = 45. (5)

The presence of modes with n > 24 has already been taken into
account for the new design of the magnetic sensors of RFX-
mod2,””*” thus reducing the possibility of large PWI events in the
new machine by improving the mode active control, measuring har-
monics up to #,,,c = 36.

lll. ORBIT SIMULATIONS

The analysis of Sec. I1 is based on the linear superposition of local
displacements: it does not take into account the nonlinear interaction
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FIG. 4. Comparison between (a) the local displacement of secondary modes,
Asec(), and (b) the locking parameter LP(¢) during shot #29324 at { = 218 ms.
Dashed orange lines highlight the two maxima of Asec(¢), while dashed blue lines
indicate the first two minima of LP(¢). The toroidal angles ¢, and ¢, of the experi-
mentally observed PWI footprints are highlighted with two solid lines.

of magnetic field lines subject to the whole m = 0,1 spectrum.
Therefore, a more refined description of the phenomenon is needed.
Here, it is provided via the Hamiltonian guiding center code
OreiT.”* Tearing modes are given as input to ORBIT in the form:
OBpyn =V X ocm‘n(r)l_é, where o, ,(r) is a suitable scalar function
that contains information about the perturbation with a given
(m, n) wavenumber along all the three radial, poloidal, and toroidal
directions.” The calculation of the perturbation term 51_3’,,,‘” uses as
input the eigenfunctions with m = 0,1 and n < 24 calculated in
toroidal geometry via the NCT code for the same shot (#29324) and
time instant (¢t = 218 ms). Then, OrsiT is used to simulate the
dynamics of ions with very low energy (102 eV). Such a low energy
has been chosen to accurately describe the magnetic field
topology.”

A. Poincaré plots

In Fig. 5(a), we report a Poincaré plot considering a large portion
of the equatorial plane: —90° < ¢ < 90°, to better observe the PWI
region. Each point corresponds to a magnetic field line crossing the
plane at 0 = 0. Three topologically separated regions are evident: the
core region (0 < r=25cm) hosts the conserved magnetic islands
(pink points) associated with the dominant QSH mode. The presence
of this set of islands means that the QSH persists despite the crash, as
we expect for a minor event.”’

The second region (r > 35cm) occupies the plasma edge and it
is characterized by a chain of m = 0, n =7 islands (cyan and blue
points) aligned along the reversal surface (horizontal, green line).
Their formation is the main consequence of the toroidal coupling
between the m = 1, n = 7 mode and the Shafranov shift."” We notice
also that typically a set of smaller m = 0 islands surrounds the main
m =0, n =7 one. An example of this is shown as blue points in
Fig. 5(c) for the m = 0 island at ¢ =~ 130°. This is a consequence of
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FIG. 5. Toroidal Poincaré plots during the shot #29324 at t = 218 ms on the equatorial plane: (a) with full m = 0,1 and n < 24 spectrum, (b) with m = 1 modes, only. Pink
points refer to the dominant m = 1, n = 7 mode. The black points refer to secondary m = 1 modes. The cyan points refer to the m = 0, n = 7 mode. Blue points refer to
magnetic field lines due to the resonance of high n, m = 0 modes. The horizontal green line represents the reversal surface where g = 0, while the yellow line indicates the
device first wall. Solid lines represent the toroidal positions, ¢, and ¢4, of the two PWI footprints experimentally observed. Finally, (c) is a zoomed version in the region near

¢ =~ 130°, revealing a Fibonacci sequence of secondary m = 0 islands.

the m = 0 modes interacting with each other, forming a Fibonacci
sequence of smaller islands.” The Fibonacci sequence at ¢ = 130° is
more evident than near ¢ = 0, but each m = 0 island possesses a
chain of secondary islands around its border. The small islands in
Fig. 5(c) have m = 0, n = 19. Since 19 = 7 + 3 x 4, we speculate that
these could be the first two terms of a sequence of the type
Ant1 = ay + 3 X a,_1 with ag = 7, whose ratio a,/a,;, converges to
(\/1-5 — 1) /6, i.e., the last Kolmogorov-Arnold-Moser (KAM)”” con-
served surface”®”” for the m = 0 island chain.

Finally, the third region is located between the QSH and the
m = 0 islands (25 < r =< 35cm) and it is characterized by a chaotic
sea (black and pink points) of magnetic field lines due to the interac-
tion of many secondary (m = 1, n > 7) modes, which is responsible
for magnetic island overlap and chaos.”’ Figure 5(b) is obtained
from Fig. 5(a), but removing the m = 0 modes from the input to
Orsirr. This is done to highlight the convolution of the chaotic sea,
which reproduces the profile of the deformation Ag.c(¢) shown in
Fig. 4(b). This justifies the use of the local displacement as a first
approximation of the magnetic topology. Figure 5(b) clearly shows a
bundle of pink and black points protruding from the chaotic sea to
the wall at @ = 0, i.e., at the LM location. This means that the PWI
stripe located at ¢, can reasonably be associated with the m =1
Locked Mode. The same argument can be applied also to the second
stripe at ¢,. In fact, in Fig. 5(a), there is a smaller set of blue points
reaching the wall at ¢,. This suggests that the footprint at ¢, can be
related to ions moving from the tail of the nearest m = 0 island to
the wall.

B. Calculation of the connection length to the wall and
comparison with the experimental PWI image

The Connection Length to the wall L., measures the distance
along the field line traveled by a ion from a given point (r°, 0°, ¢°) to
the wall. Formally,

(rw)
Lo (2,6, ) = J‘p Bdo

o° E'V¢.

(6)

It is a standard metric used in tokamaks to characterize the ergodic
edge when resonant magnetic perturbations (RMPs) are applied."""
In Sec. I1T A, it has been shown that the RFP edge is characterized by
m = 0 islands embedded in a chaotic sea,"”" and thus it is a suitable
environment for the use of this metric. We consider a matrix of initial
positions [rf, 6, ¢f] with 1 <j <8, 1 <k<32,1<¢< 64 Then,
to reduce numerical error, L. ,, is estimated by averaging over a bundle
of 1000 particles, starting at r* = r?, 6 = 0} and ¢ taken from an
array of 1000 equally spaced elements centered at ¢). Particles are
monoenergetic and collisionless, and energy is the same as in the
Poincaré plots.

In Fig. 6(a), we plot the L., (¢,r) contour together with the
Poincaré map in the outermost ~ 10 cm of plasma. The toroidal angle
is zoomed in the LM region, with —40° < ¢ < 30°. The Connection
Length varies over a wide range between a few centimeters to ten kilo-
meters, which are rather typical values both in the RFP*’ and in the
tokamak ergodic divertor.”” Regions of short L.,, (marked in red in
the contour plot) correspond to particle fast losses.”" In particular, the
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FIG. 6. (a) Low (¢, r) map and Poincaré plot on a portion of the equatorial plane. Short and long L regions are colored in red and blue, respectively. The toroidal angles ¢,
and @, of the experimentally observed PWI footprints are highlighted with two solid lines. (b) L. (¢, @) map at fixed r® = 45.9 cm at higher resolution. (c) Image warping of

the PWI image in Fig. 3(c). Red regions are those characterized by more intense Cl radiation.

toroidal position of the LM at ¢, is a preferential loss channel that
extends deeply in the plasma core, as already shown with Orsit in the
past.”” This result is independent of particle energy, since OrsIT time-
steps are normalized to the toroidal transit time. We will anyway dis-
cuss in detail the energy dependence in Sec. IV.

In addition to the LM, Fig. 6(a) shows a second region of short
L., at ¢ < @, between the m = 0, n = 7 island and the wall. This
second loss channel is associated with the clockwise rotation of mag-
netic field lines around the m =0, n =7 island,”” an additional loss
mechanism that has been recently highlighted”' with the method of
Poincaré recurrences.”” Thus, Fig. 6(a) shows that particles arrive at
the wall following two main loss mechanisms: direct parallel loss
through the channel at the LM toroidal position ¢,, or clockwise rota-
tion around the m = 0, n = 7 island closest to the LM, at ¢,,.

To better compare with the CCD image, in Fig. 6(b), L¢ (¢, 0) is
mapped by keeping fixed the radial coordinate closest to the wall
(*° = 45.9 cm) and varying the angles (0°, ¢°) in a grid of 64 x 128
points in the intervals —50° < 0° < 50° and —40° < @° < 30°. The
map is compared with the experimental image in Fig. 6(c), obtained by
warping Fig. 3(c). A quite good, qualitative agreement between the two
images is found. Both theory and experiment show two stripes: a narrower
stripe on the right and a wider, more slanted one on the left. However,
there are some differences: the stripes in simulation [in Fig. 6(b)] seem to
be shifted with respect to the measured angles ¢, and ¢, in Fig. 6(c).
This can be due to the lack of absolute calibration of the camera alignment
with the vacuum vessel.”” Moreover, the distance between the two stripes
is larger than in experiment, but this happens because of the limited num-
ber of modes in Orsir simulations, as extensively explained in Secs. II and
IIT A. Nevertheless, these differences between theory and experiment do
not change the main result. The tearing modes determine the pattern of
PWI, which is structured in three main regions: the red region of short
L., to the right corresponds to the PWT stripe at ¢, associated with the
m = 1 mode-locking; the second red region on the left is associated with
the PWI stripe at ¢, and is caused by the clockwise rotation around the
m =0, n =7 island; finally, the dark blue central region with longer

L, is associated with the LM counterpart, which does not determine
PWI because of the field line pitch, similarly to the unstable manifold in
the tokamak homoclinic tangle.”**” The result that the m = 0, n =7
island causes the larger stripe of CI emission visible in the cameras con-
firms the important role of 71 = 0 modes in determining the PWT near
the LM region, as it was already pointed out in the past in RFX"” and the
Japanese TPE-RX experiment.”’

C. The 3D nature of connection length

It is common to plot the Connection Length, L.,, as a two-
dimensional (2D) map in the (¢, 7) or (¢, 0) planes, as it was done in
the preceding section following what is customary in tokamaks.”” The
magnetic field in the RFP has anyway an intrinsic three-dimensional
(3D) topology, with hidden structures (“streamers” or “cantori”) that
are not easy to be revealed.'”* Now, in this section, we explore the 3D
nature of the Connection Length by plotting the maps of L. ,,(¢, 0) at
inner radii compared to the previous Fig. 6(b).

In Fig. 7, the L, (¢,0) maps are calculated with OrsIT at
r* = 45cm [Fig. 7(b)] and r° = 44 cm [Fig. 7(c)]. These maps are
compared with the map on the (¢, r) plane shown in Fig. 7(a) with
the Poincaré overplotted. The absolute values of L.,, increase overall
by moving inward, as expected. At r =45cm [see Fig. 7(b)], both
stripes of short connection lengths are still visible, though shifted
toward negative 6 angles, which is consistent with the helicity of the
LM and the topology of the m = 0, n = 7 islands.” On the contrary,
when moving a step inward at r = 44 cm, the red stripe associated
with the m = 0, n = 7 island disappears, while the right stripe at ¢,
associated with the LM survives in the contour. This confirms again
that the LM corresponds to a channel that delves deeply into the core
plasma, as shown in the past in RFX.”” In the place of the left stripe, a
set of light-blue filamentary structures of medium L., appears. We
speculate that these filaments correspond to the secondary m =0
islands in the Fibonacci sequence of smaller islands in the tail of the
main 0, 7 island, highlighted with a circle in Fig. 7(a). There is still no
direct measurement of these filaments in RFX-mod, but in the future
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FIG. 7. (a) Zoomed version of the previous Fig. 6(a) near the PWI region. Two horizontal dashed lines represent the radial coordinate corresponding to r = 45cm (in blue) and
r =44 cm (in orange). The m = 0, n = 7 island “tail” is circled. (b) Lw (¢, @) map at fixed r = 45cm. (c) Lew (¢, 0) map at fixed r = 44 cm.

RFX-mod2 machine it is foreseen to measure filamentary structures of
different nature (high # tearing modes, ELMs, etc.) in both RFP and
tokamak configurations, thanks to an unprecedented upgrade of the
electrostatic measurement system.”’

D. Results with an extended MHD spectrum

The analyses of Secs. IT and ITIB show that the experimental
PWI image is consistent with m = 0,1 tearing mode spectra with
toroidal mode numbers up to #,,,, = 45, despite the maximum mode
toroidal number of the spectrum that can be experimentally deter-
mined in REX-mod via the pickup coils being n = 24, only. It is inter-
esting to repeat OrsiT simulations with a synthetic spectrum of
modes, obtained by matching the experimental spectrum for n < 24
and extrapolating the o,,, functions with m =0,1 and 24
< n < 45 with a linear decay described by

Npax +1 —n
Npax + 1 — n*

o‘m,n(r) = m,n* (1’), (7)
where 7,,, = 45 and n* is a suitable mode near n = 24 used for
extrapolation. We cannot choose the n = 24 mode itself, since this is
the last mode in the spectrum and the measurement of its amplitude is
polluted, according to the Nyquist theorem. The linear decay in Eq. (7)
justifies the weight used for the definition of the LP(¢) function in Eq.
(3), and it is shown for m = 1 modes in Fig. 8 as a red line.

The eigenfunctions of the extrapolated spectra are shown in
Fig. 9. In the case of m = 1 modes, the reference mode used for the
extrapolation is n* = 21, plotted as a solid, red line in Fig. 9(a): modes
with n > 24 are obtained from a cubic spline of the n* = 21 up to res-
onance, see the dashed lines in Fig. 9(a). In the case of m = 0 modes,
the reference mode used for the extrapolation is n* = 22, again plotted
as a solid, red line in Fig. 9(b): modes with n > 24 are obtained from a
cubic spline of n* =22 up to the reversal surface [dashed line in
Fig. 9(b)]. The reversal surface is in fact the resonance common to all
of the m = 0 modes. Such a method is similar to that already used in
previous works about RFP.”

Particular care has been devoted to the choice of the mode
phases: our ansatz is that modes with # > 24 will maintain the coher-
ence of the Locked Mode. To this extent, mode phases have been cho-
sen considering the following relations:

¢1,n = NQPpck + COI’lSt, (8)
Pon = NPlock — (P*y (9)

with ¢* = 7/2. The angle ¢* gives reason for the fact that m =0
phase-locking is not exactly symmetric with respect to @4, as
explained in detail in Ref. 48. Equations (8) and (9) coincide with for-
mulas (13) and (15) of Ref. 48.

In Fig. 10, two images of the Poincaré plot considering modes
with m = 0,1 and 0 < n < 45 are reported. Figure 10(a) shows the
Poincaré plot on the outer half of the equatorial plane. As the former
Poincaré plot [Fig. 5(a)] with n < 24, it is divided into three main

shot #29324,t = 218 ms
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FIG. 8. m = 1 secondary mode spectrum during #29324 at t = 218 ms. The linear
decreasing trend of the m = 1 secondary mode amplitudes is highlighted with a red
straight line.
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FIG. 9. (a) Extrapolation of the RFX-mod m = 1 mode experimental spectrum with toroidal mode numbers 24 < n < 45, Vertical, dashed lines correspond to the resonance
surfaces. (b) Same extrapolation for m = 0 mode experimental spectrum. The vertical, dashed line corresponds to the reversal surface.

parts: in the inner one there are the dominant m = 1, n = 7 mode
islands (pink points), the mid-radii region is characterized by chaos
due to overlap between the m = 1 secondary mode islands (black and
pink points), while the plasma edge is occupied by the m =0, n =7
islands, which are aligned along the reversal surface (represented as an
horizontal green line). As expected, we notice that magnetic chaos is
increased with respect to the standard spectrum with n < 24, as a con-
sequence of the larger number of modes involved. The growth of mag-
netic chaos is also seen in the Fibonacci sequence of small structures
related to secondary m = 0 modes around the main islands (blue
points) in Fig. 10. These smaller islands are more numerous and dis-
tributed more irregularly around the main m = 0, n = 7 islands.

#29324t=218 ms (n<45) @ 6=0.0001t RFX co-ordinates
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0
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Another significant consequence of the extended spectrum is that
the distance between the two stripes related to the PWI footprints
decreases, as expected from the analysis on the Locking Parameter in
Sec. II. In Fig. 10(b), we have reported a zoom of the Poincaré plot
near the PWI region. The toroidal positions where the points in the
Poincaré plot intersect the yellow line representing the first wall are
indicated through dashed lines. An excellent agreement with the
observed PWT footprint toroidal positions (solid lines), ¢, and ¢, is
observed. As already seen in Sec. I1I B, a more quantitative description
is obtained by calculating the Connection Length to the wall, taking
into account the extended spectrum. In Fig. 11(a), we report the
Le(¢, 0) map obtained at a fixed radial position (r = 45.9 cm) close
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FIG. 10. (a) Toroidal Poincaré plot during the shot #29324 at t = 218 ms on the equatorial plane, considering an extended spectrum with modes up to n = 45. (b) The same
Poincaré plot zoomed in the PWI region. Solid lines represent the toroidal positions, ¢ and ¢4, of the two PWI footprints experimentally observed. Dashed lines highlight the
intersection between the set of points protruding from the chaotic sea, associated with particle losses, and the yellow line representing the device first wall.
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FIG. 11. Comparison between (a) Lg (¢, 0) map at fixed r® = 45.9 cm calculated
considering an extended spectrum with 0 < n < 45, red regions are characterized
by short connection lengths, while blue regions are those with long connection
lengths; and (b) image warping of the PWI image in Fig. 3(c). Red regions are those
characterized by more intense Cl radiation. The position of the red stripes is
highlighted with dashed lines in the L., map. The circles indicate possible corre-
sponding finer structures in the two contours.

to the wall. The map is compared to the warped experimental image of
Fig. 3(c). The new map of connection lengths is a significant improve-
ment of the previous one shown in Fig. 6(b): both the distance and the
shift between the stripes in Fig. 11(a) are reduced with respect to the
meaLsurement iLn Fig. Ll 1(b). In particular, in the new simulation
A, 45 = @, — @p"" = 18°, which is coincident (within experi-
mental errors) with the measured distance Ap = 15° in the CCD
camera image. Actually, with the extended spectrum, the L., map
reproduces almost exactly, qualitatively and quantitatively, the camera
image. Moreover, fine structures appear in the new map, which were
absent in the previous Fig. 6(b): see, e.g., the small “bulge” on the right
side of the m = 0 stripe, highlighted with a circle in Fig. 11(a). This can
be likely associated with a small structure that is present also in the
experimental image, located almost in the same position in the ¢-0
plane and indicated with a circle in Fig. 11(b). We speculate that this
“bulge” can be due to secondary Fibonacci islands around the main 0,7
island placed immediately to the left of the LM.

IV. ORBIT RUNS WITH ENERGETIC IONS

In the preceding sections, OrsiT simulations are performed with
low-energy ions (field lines), but to assess the impact of the topological
structures on the measured PWI, higher particle energy is required. To
do this, we use the same matrix of initial positions [r]p, 0), ¢9] as in
Fig. 7(c) with ¥ = 44 cm and a grid of 64 x 128 points in the intervals
—50° < 0° < 50° and —40° < ¢° < 30°. Now, instead of monoener-
getic, cold ions (field lines), each run is launched considering a
Maxwellian population of 1000 ions with initial temperature Tj
=402 eV and a tail up to E = 2keV. In the calculation, we put as ini-
tial temperature Ty = T,, with T, the electron temperature measured
at t = 218 ms. This assumption is based on measurements on the
MST reversed-field pinch, and it is a reasonable condition during a
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crash.”’ Tons are allowed to collide with the background (electrons and
ions) and are deposited with random pitch 4 with the corresponding
initial positions in the matrix. Collisions are implemented in ORrBIT
with a simple Monte Carlo energy conserving, pitch angle scattering
operator, based on the Boozer-Kuo approach.”' Since each particle
now has a different energy, we cannot use L., as a metric: instead, we
use the loss time 7/, defined as the time spent by 50% plus one ions
to reach the wall.” Figure 12 shows the comparison between the new
Tioss map and the L ,, (¢, 0) map of Fig. 6(b), here reported for conve-
nience in panel (a). Ty, varies from 1 ms to about 80 ms. As somewhat
expected, energetic ions are lost in a very short time, 7j,;s & 1 ms, at
the LM toroidal position [red stripe on the right in Fig. 12(b)]. This
result confirms the importance of the LM in determining the PWI,
which was found in the past years on RFX both experimentally”® *’
and in simulations.” On the contrary, the #m = 0 footprint is still visible
as a fainter stripe on the left of Fig. 12(b), but it is associated with lon-
ger loss times, s &~ 10 ms.

Finally, running energetic ions, it is also possible to look at the
energy and pitch histograms of particles lost near the Locked Mode and
near the m = 0 island. This is illustrated in Fig. 13: we sample a few
runs related to the m = 0 island and the LM, respectively, and marked
with crosses (+) in Fig. 12(b): the energy and pitch (/) histograms rela-
tive to the LM are shown in Figs. 13(a) and 13(b), while the same histo-
grams for the m = 0 island are shown in Figs. 13(c) and 13(d).

From Figs. 13(a) and 13(b), it follows that counter-passing fast
ions with E > Ty are the most important component in the PWI near
the Locked Mode, and they are quickly lost. In fact, the average energy
(temperature) of ions lost near the LM is T = 424eV > Ty
= 402eV. This is reasonable, since the connection length is a property
of the magnetic field that does not depend on particle energy: it follows
that superthermal ions, which are also less collisional than thermal
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FIG. 12. Comparison between (a) Ly (¢, @) map at fixed radius: r = 45.9 cm cal-
culated using monoenergetic cold ions, and (b) tiss(,6) at fixed radius:
r = 44 cm, calculated using Maxwellian ions with T = 402eV. To the left, there is
the m = 0 island loss channel. To the right, there is the m = 1 LM loss channel.
Crosses (-+) indicate the runs that are considered for the statistics of energy and
pitch in Fig. 13.
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FIG. 13. (a)-(c) Energy and (b)—(d) pitch histograms: (a)—(b) are related to the LM channel, while (c)-(d) are related to the m = 0 island. The initial Maxwell distribution with
To = 402¢V is shown in black and the final distribution are shown in color. The initial pitch distribution is flat (random values in [—1, 1]).

ones, are quickly lost. This is also the physical reason why the LM is such
an efficient loss channel of hot particles coming directly from the core
plasma: ions remaining in the simulation cool down at T; = 379 €V in
only 1ms, which is similar to the fast cooling down process observed
experimentally, e.g,, in Fig. 2(d). This mechanism may also explain the
“anomalous” component in the Spitzer resistivity appearing in the RFP
and which seems to be a general issue with plasma collisionless regimes.’”
Regarding the pitch in Fig. 13(b), it is noteworthy that trapped particles
are not involved in the loss mechanism: magnetic chaos does not act on
them, as it was already found in Orsrr simulations on REX.”*"*"*

In the m = 0 island region [see Figs. 13(c) and 13(d)], the loss
mechanism is pretty similar to the LM: in this case, co-passing, fast
ions are the main loss channel, with Tj, = 429eV > Ty = 402 ¢V,
and remaining ions cooling down to T; = 374 eV. Nevertheless, since
the m = 0 loss time is longer [see Fig. 12(b)], it follows that the power
lost is smaller by a factor 10. In this sense, the m = 0 island chain acts
similarly to the “island divertor” in stellarators, spreading the energy
losses on a larger area and on longer times.”” The possibility of exploit-
ing the m = 0 islands as a naturally occurring divertor in the RFP was
already pointed out in the past.”” This is important also as a perspec-
tive for the upgraded RFX-mod2 device, since, by reducing the Locked
Mode deformation, we expect to reduce also the PWL.’®

V. CONCLUSIONS

In this paper, we have studied the magnetic topology during a
reconnection event in the REX-mod reversed-field pinch. We have
shown that, during the crash, the increase in amplitude of the m = 1
tearing modes with n > 7, together with their phase-locking, deter-
mines transient and localized particle losses, and consequent strong
plasma-wall interaction (PWI). Through a linear study of the LCES
displacement, we have shown that modes with very high n, up to

Nmax = 45, are involved in the PWI event. A more refined analysis of
the chaotic magnetic field topology, and field line connection lengths,
with the code Orsrr shows that the camera images of the PWI pattern
are consistent with the map of connection lengths near the wall. In par-
ticular, to reproduce with high precision the PWT pattern experimentally
observed, it is necessary to include in simulations an extended spectrum
with m = 0,1 and 0 < n < 45, meaning that high #n modes (n > 24)
are important, despite their low amplitude. Moreover, filamentary struc-
tures with m = 0 and medium 7 (n = 13 ~ 19) located more deeply in
the plasma edge are seen in the 3D maps of connection lengths. These
filaments have not yet been measured, but it is foreseen to do that with
an improved electrostatic sensor array in the future REX-mod2 device,
which should be commissioned starting from the end of 2024.

Moreover, in the future RFX-mod2, an upgrade of magnetic
pickup arrays will allow for overcoming the limitation in toroidal reso-
lution to n < 24, bringing improved measurements (up to #,,,x = 36)
and simulations. At the same time, this will allow for better feedback
control of tearing modes in order to mitigate/avoid major crashes and
their associated loss of confinement. Finally, an improved optical cam-
era system (OCS) of 7 fast cameras covering a large part (around 70%)
of the wall will be installed, allowing for better spatial characterization
of observable PWI phenomena as well as increasing the number of
observations of such events.

Runs with a Maxwellian population of particles show that the
Locked Mode is a very efficient loss channel of counter-passing,
fast ions: conserved ions are subject to a very rapid cooling process,
~ 10 eV in only 1 ms. This process is similar for the m = 0 island, but
the loss times are much longer, Tj,;; & 10 ms, and the associated PWI
is a factor 10 smaller. We conclude that the m = 0 island chain acts
similarly to the “island divertor” in stellarators, spreading the energy
losses on a larger area and on longer times.”” This is a good perspective
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for the upgraded RFX-mod2 device, since, by reducing the Locked
Mode deformation, we expect to reduce also the PWIL.”®
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APPENDIX: CALCULATION OF THE LOCKING
PARAMETER AS A FUNCTION OF THE NUMBER OF
MODES

In this section, we clarify the main passages of the calculation
leading from Eq. (3) to the analytic version of the Locking
Parameter LP reported in Eq. (4). Moreover, we discuss the deriva-
tion of the maximum toroidal number (5) of the locked modes caus-
ing the PWI of interest in this work.

pubs.aip.org/aip/pop

The starting expression for LP was

LP(QD) - : i(”max +1-— Z) COS(”QD). (A1)

(nmax - 6)(”max - 7) /—8

First, we decided to compare the toroidal profile of LP just obtained,
calculated with #,,,, = 23, with the displacement one, which takes
into account the same spectrum: m = 1, 8 < n < 23. This compari-
son is shown in Fig. 4 and looks optimal. In fact, measuring the dis-
tance between the two maxima of the local displacements, we get:
A(pA = 25°, while the distance between the two minima of the
LP(@) is AP )3 = 26°.

For brevity, in the rest of this section we will rename the vari-
able: 1,,.c — N.

In Eq. (5), we estimated the maximum toroidal number of the
modes involved in the LM, by imposing that the distance between the
two LP minima (whose profile depends on the choice of #,,,) is that
experimentally measured: Ap = 15°. Therefore, we needed to recast an
analytical version for (A1) in order to calculate its first derivative,

) P ——
PN =7)

N 7

Z(NJrl— cos(p) — ZN+1—£ cos({)

=1 =1

" 24n(9)
=LP - A2
where An(p) =3,_ (N +1—¢)cos(fp). The quantity LP* is
defined by AN+ 1)
« - +
HOT W)
X Zcos lp) — N = Z( cos(Le)

(N+1)

1
WO -7 | (@ Sm[(“i)“”}‘l
| g
2(N—6)(N—7)sin2(§)
X {(N +1)cos(Np) — Ncos[(N +1)¢] — 1}. (A3)

.I,,l.],.l.,l..|.,|,.i,,I.J,.|,,l.I..|

FIG. 14. Graphical solution of Eq. (A5). The equation’s left-hand side trend is shown
in purple, while the right-hand side trend is shown in black.
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LP(¢) is an even function, so the distance A@p'® between its minima
can be written as A = 2 where  is the position of the minimum
with @ > 0. The first derivative of LP(¢) in Eq. (A3) is

dLp 1 1

dp 2N -6)(N-7) Sin3(%>

x 2(N+1)(N+%>sin2( >COSK N ) ]
gl

~N(N+1) sin(%) sin[(N + 1)¢]

+ N(N + 1) sin <§) sin(No)
+ cos(%){(N +1) cos(Np) — Ncos[(N +1)¢] — 1}

4

+4(N + I)B(qo) sinSE —4C(o) sin3§ , (A4)

where B(¢p) and C(¢) are, respectively, given by
7
= Zé sin(4e),
=1
7
= Zfz sin(le).
=1

By imposing that the condition of minimum @) =0) is
satisfied for the experimentally measured position of the PWI stripe
(g = 7.5°), one gets the following equation to be solved in the vari-
able N

{ZN sin? (%) + 1] cos KN n %) (ps}
+Nsin <%) {sin(Nqos) +4sin’ (%) B(gos)}
— cos (%) — 4sin’ (%) [B(¢s) — C(0s)]- (A5)

Then, we solved this equation graphically, as shown in Fig. 14. We
obtain

(dLP (

N = 45. (A6)
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