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The Frascati Tokamak Upgrade (FTU) device can operate at high electron density regimes of the order of
102 m—3, where the MARFE instability is present at various plasma current and magnetic field values.
When the MAREFE is well developed and oscillating, its movement causes continuous density fluctuation,
contaminating the integral density measurements. The amplitude and frequency of these density fluctu-
ations are well revealed by the high resolution interferometer available on FTU, the dependence of the
frequency versus basic plasma parameters is investigated in this paper.

A specific experimental session on FTU, including some discharges with reversed toroidal magnetic
field, and pushing the plasma column towards the internal or external side of the vacuum chamber, re-
spectively, has shown that, when the plasma column is distant from the toroidal limiter, the MARFE is
stable and does not oscillate around the mid plane. For these last cases the MARFE localization with
respect to the ion drift direction, which can influence the stable and unstable positions, is also discussed.

© 2017 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

The Multifaceted Asymmetric Radiation From the Edge (MARFE)
is an annular ring of enhanced radiation and strong recombination,
toroidally symmetric and poloidally localized in the high-field side
(HFS) of a tokamak device, appearing above a density threshold
[1] related to the plasma current. As described in literature, three
types of MARFE phenomena have been observed: those which re-
main fixed in poloidal position, MARFEs which move poloidally,
and MARFEs which evolve into detached plasmas after moving
poloidally [1-3].

In the Frascati Tokamak Upgrade (FTU) [4], the MARFE insta-
bility appears when the average electron density is of the order
of i ~ 0.5 ng, with ng = I,(MA)/ma?, which is consistent with
the Lipschultz scaling for the MARFE onset n.~0.4+0.7ng [1,5].
In coincidence with MARFE appearing, the plasma edge temper-
ature drops, the D, signal increases and the visible light camera
shows a toroidal ring of strong emission from this zone (Fig. 3).
This emission is often associated with a motion of the MARFE,
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which appears as fast oscillations in the line-integrated density sig-
nal (Fig. 1); this last case is the second type of MARFE, as above
mentioned.

This paper is organized as follows: in the next section, devoted
to the MARFE dynamics in FTU, some aspects related to the am-
plitude and frequency of the density fluctuations for the oscillat-
ing MARFE type, will be analyzed, by means of an high resolution
interferometer [6]. In this respect, FTU offers the unique opportu-
nity of analyzing the MARFE in a wide range of magnetic fields: By
= 2.7 = 8 T, while maintaining the current at a fixed value, con-
trary to other tokamaks, where the safety factor q can be varied
only in conjunction with the plasma current. At the end of this
section, a specific experimental session has been described: it in-
cludes some discharges performed with reversed toroidal magnetic
field By, and pushing the plasma column towards the internal or
external side of the vacuum chamber, respectively. In fact, the final
location of MARFE was found to be related to the B x VB direction
[1,2]. Afterwards, a theory proposed by Chankin [7] connects the
MAREE position and stability to the direction of the E x B drift. Also
in other toroidal devices, such as the reversed-field pinch (RFP),
the MARFE is observed to depend on the E x B drift [8]. This is
treated in the Sections 3 and 4 of this work. In FTU, we will cal-
culate how the ion drift is affected by the direction of By and the
magnitude of the Shafranov shift A(r), and we will show that ac-
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Fig. 1. Density measurements in FTU in presence of a MARFE: a) at the top line integrated density and at bottom, its spectrogram; b) expanded inset of the density signal,

showing clear fluctuations; c¢) two sample profiles during a single fluctuation cycle.

tually the position of the MARFE is in agreement with the ion drift
direction.

2. MARFE dynamics in FTU

FTU is a tokamak with circular poloidal cross section and a
metallic first wall [4]. It operates with a TZM toroidal limiter (89%
molybdenum) and a stainless steel AISI 304 vacuum chamber. Ma-
jor and minor radii are R =0.935m and a =0.30m, respectively,
plasma current can reach 1.6 MA and magnetic field is up to 8 T.
Since the instability is due to thermal collapse and the FTU dis-
charges are resting on the limiter, almost all MARFEs are recorded
having impressive density fluctuations (Fig. 1), the instability os-
cillates around the mid plane (second type of MARFE as referred
above). As detailed in [3], the cause of the poloidal swing is the
different temperature of the MARFE borders: one is cooled and
the other heated by the drift heat flows. In order to establish
the dependence of the MARFE frequency on basic plasma param-
eters, a database of 21 L-mode discharges performed at the same
plasma current (I, = 500kA) and a wide range of magnetic field
(B = 5.2 + 8T) have been selected in presence of a well-developed
MAREFE.

The main diagnostic is an high resolution, two-color, scan-
ning interferometer (40 chords, 1 cm of resolution) that scans the
plasma column section from the edge to the center, with a mea-
sure every 62 s [6]. An example of well-developed MARFE, and its
effect on the density profile is shown in Fig. 1. The density sig-
nal shows clear fluctuations when n. > 1.2 x 102°, which are seen
in the spectrogram as a single frequency at f ~ 200 Hz. Usually,
the MAREFE oscillations are identified in the internal vertical chords
(HFS). Nevertheless, the dimension of the MARFE can reach a di-
ameter of 10 cm, which, adding up to its strong oscillation, results
in a displacement of ~15 cm with respect to the equilibrium posi-
tion. This fact implies that the instability can be well detected with
the central vertical chords of the interferometer. During a single
fluctuation cycle (Fig. 1c) the density profile shows an impressive
increase in the center, and subsequent flattening, clearly affected
by the MARFE action. The spectrogram of the MARFE oscillations
shows a principal frequency together with some minor frequen-
cies. In some of these discharges, due to the signal noise or prob-
ably to other effects as e.g. the presence of magnetic islands, the
frequencies are composed and not so well distinguishable. Anyway,
the principal frequency is well determined. For this reason only the

principal frequency is used against the other parameters in order
to establish its dependence.

Statistically, the amplitude of the oscillation (nearly constant)
decreases with its main frequency, as shown in Fig. 2a. In addi-
tion, this frequency is linearly related to the average density of the
oscillation. In both cases, namely Fig. 2a and 2b, there is no ev-
idence of correlation with the magnetic field (and, consequently,
safety factor q), as it results from the color coding of the Fig. 2a
and 2b. Being the MARFE caused by a radiative effect, it is in-
teresting to consider the temperature profiles for this data set of
discharges taken at the same current but varying Br, as shown in
Fig. 2c. The AT, taken as difference between central and periph-
eral ECE chords (=Te(rp) - Te(Teqge)) is linearly decreasing with the
magnetic field, but it is uncorrelated with the oscillation frequency
(see color code).

Another important aspect of the MARFE phenomenology, which
is linked to its dynamics, is the positioning of the radiative struc-
ture with respect to the vacuum chamber. This issue is described
in the above mentioned Chankin theory [7]. To accomplish this, a
dedicated session has been performed realizing four plasma con-
figurations, all having the circular plasma section smaller than
standard. For two of these pulses the direction of Br on axis has
been reversed. Also the plasma column position in respect to the
vacuum chamber has been varied, and, as a consequence, the
Shafranov shift: this has been done by pushing the plasma to-
wards the internal or external side of the vacuum chamber, re-
spectively. In this way, four cases can be studied, which are listed
in Fig. 3. All of these L-mode discharges have I, =500KkA and By
=6T. It is worth noting that in all FTU discharges, the startup
plasma is attached to the toroidal limiter placed in the HFS. In
Fig. 3, four MARFEs are shown: as in the case of regular FTU dis-
charges, they have a minor radius a=28 cm and are leaning on the
HES limiter. The discharges #40129 and #40133 (labels Fig. 3a and
3b) are pushed to the HFS but they have smaller circular section
(a=25cm). If the #40129 has the sign of By positive (parallel to
the plasma current, co-current direction) the #40133 has opposite
Br direction. An oscillating MARFE is always obtained when the
plasma is attached to the HFS toroidal limiter in accordance with
other machines [2], the oscillations occurring when a MARFE bor-
der is cooled on one side and heated on the other by heat flows
parallel to the ion drift direction [2].

The right frames show two discharges shifted towards the LFS
and having larger Shafranov shifts (Fig. 3c and 3d): the #40128
pulse has Br positive, the #40135 negative. These last configura-
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Fig. 2. a) Dependence of MARFE oscillation amplitude on its principal frequency; b) dependence of average density of MARFE oscillation vs frequency, color coding refers to
the magnitude of Br ; ¢) AT, as a function of Br, color coding is the oscillation frequency.
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Fig. 3. Visible camera images for the four different configurations performed. The plasma position and the magnetic field direction are shown by the insets (high magnetic

field to the left). The flux maps are also reported in the bottom.

tions present, as final MARFE state, a stationary position, without
oscillations (first type of MARFE as mentioned in the introduction
[2]). In both cases the MARFE position is the result of the drift ef-
fect, so the #40128 has the MARFE placed down and the #40135

up.
3. Ion drift calculation

Since FTU is a circular tokamak, it is easy to calculate the ion
drift analytically in the large aspect ratio expansion in lowest order
tokamak equilibrium [9]. Details of the calculation are shown in
the Appendix.

lon drifts in FTU can be expressed in a cartesian coordinate sys-
tem, which is shown in Fig. 4. The coordinates are:

X =14rcosd — A(r) (1)

Z=rsinf (2)

In the picture, r and 6 are the radii and poloidal angles of the
shifted circles, so they are both flux-surface coordinates. X=0 cor-
responds to the magnetic axis: in this way the shift can be approx-
imated with a parabolic dependence on r,

A = (Bo-20) - ( )2 (3)

where Ay and A, are the shift of the magnetic axis (r=0) and
of the last closed flux surface (LCFS, r= a), measured with respect
to the geometrical center of the vacuum vessel. The expression for
the drifts in this Cartesian system is (see Appendix and Ref. [10]):

Z(cm/s) = —a%(l — Al(r)cos 6) (4)

where vy, is the ion thermal velocity, R is the major radius, p =
Ve /@p is the gyroradius, and o is the sign of Br on axis: 0= +1
stands for a magnetic field coming out of the plot in Fig. 4, and
o = —1 for the magnetic field into the plot. This is the formula we
will use to compare with the experiment. It follows that with a
field direction outgoing in respect of the sheet, Figs. 3c and 4 left
scheme, the MARFE is shifted downward (and vice versa: for an
incoming field verse, it is pushed upwards, Figs. 3d and 4 right
scheme). It is worth noting that the drifts are independent of g
[10], and that the dominant effect is linked to the direction of B
(i.e., the sign of ), and to the ion temperature and strength of the
magnetic field |B|. The term A’ is a toroidal effect of order ¢.

It is well-known that the poloidal field in a tokamak carries the
orbit around 0, so that the drifts of Eq. (4) cancel when averaged
over a complete ion orbit: nevertheless, in the case of the MARFE,
which appears next to a region of open field lines, we speculate
that the flux-surface averaged drifts do not exactly cancel out, giv-
ing rise to a net force exerted on the MARFE. In this respect, an
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Fig. 4. Circular cross section of the FTU tokamak, with cartesian and flux surface coordinates. The pink oval represents the MARFE stable position without ion drift effect. If
this last is considered together with the E x B the MARFE is shifted in a new stable position.

additional, neoclassical radial electric field [12], E; <0 would give
a poloidal drift ¥z, g, producing the same effect of the ion drift on
MAREFE positioning.

4. Results and discussion

In FTU the frequency of the MARFE oscillation falls in the range
of ~80 +~ 240Hz, and the amplitude is related to its density and
frequency, rather than the magnitude of By. The fact that the gra-
dient of temperature AT, is a trigger of MARFE oscillations is con-
sistent with [7], as well as in other classic models of the MARFE
[11]; but in experiment, we do not see a clear dependence of the
growth rate y (which is somewhat related to the frequency) with
AT, (color code of Fig. 2c).

The additional ingredient which is present in the Chankin
model [7], is the role of the E x B drift in displacing the MARFE
upwards or downwards, where “downwards” refers to the ion drift
direction with positive By (0 =+ 1 in the notation used in Section
3). In fact, if the growth rate of the MARFE is y (which is a func-
tion of AT.), the E x B drift is capable of modifying the rate as
Y + Ve,.gm/r, with m the ion mass [7]. For example, in DIII-D, the
MARFE forms near the X-point of the “normal” field configurations
(ion drift towards the X-point), and in the upper part of the torus
in reversed field configurations (ion drift away from the X-point,
see Fig. 1 in Ref. [7]).

To test this hypothesis, an analysis of the dedicated session
described in Section 2 is useful. The Fig. 3 shows visible cam-
era images of the MARFE in the four shots. The first case is the
pulse #40128: o =+ 1 and outward Shafranov shift, i.e. large A(r),
marked by the symbol @, the MARFE is obtained at the bottom.

The second case is with the MARFE placed in the upper part of the
torus, it happens when the By direction on axis is reversed, namely,
o =—1 (#40135). The two stationary positions for the MARFE cor-
respond to the configurations with the plasma columns shifted to-
wards the external side of the vacuum chamber. On the contrary,
when the plasma is shifted towards the toroidal limiter (symbol
@) the MAREFE is unstable, oscillates up and down: as a result,

since the visible camera integrates the signal in a time window
~40 ms, in the images the MARFE appears as a wide band of light,
as shown in the panels of Fig. 3a and 3b.

For the cases of MARFEs without oscillations, their vertical posi-
tions can be then compared with the values of the ion drift veloc-
ity, calculated through formula (46) at 6 = 7 and ion temperature
T;=T. =200eV, this temperature value is referred to the average
electron temperature of the whole plasma column, not the temper-
ature inside the instability that is obviously much lower. The posi-
tion of the MARFE scales with the direction of the ion drift veloc-
ity: two stationary positions, Z= —0.2 and Z= + 0.2 m are obtained
when the plasma is detached from the toroidal limiter, which are

the cases shown in Fig. 3c and 3d. The corresponding ion drifts,
according to Eq.(46), are dZ/dt=-87.6 m/s and + 90.8 m/s, respec-
tively, as qualitatively shown in Fig. 4. This result quantitatively
confirms what reported earlier in DIII-D [7].

By switching to the case of an oscillating MARFE and smaller
radius (pulses: #40129, #40133, Fig. 3a and 3b), no stable position
is reached. In fact as described in ref [2], if the plasma column
is shifted close to the edge (where radiation from impurities can
influence substantially the thermal balance of the plasma edge) it
oscillates. A possible reason of this, can be explained as a break-
down of pressure constancy on magnetic surface the MARFE onset.
It occurs because more charged particles are lost with transverse
flows owing to high plasma density in the MARFE region. One of
the MARFE borders is cooled and the other heated by the drift heat
flows, owing to their pressure dependence. The estimated velocity
of poloidal motion of ~100 m/s reported in ref [2], is in accordance
with observations here showed. These high amplitude oscillations
are of the same order of magnitude of the drift effects that, on the
contrary, act to determine the MARFE position in the not oscillat-
ing cases: this complicates the calculation of the average position
of the MARFE in the oscillating case.

Overall, Figs. 2-4 show that the phenomenology of the MARFE
in FTU, e.g. the dependence of the MARFE stability and position on
the temperature gradient AT, and the magnitude and direction of
the ion drift 7p, is consistent with a theory of energy conservation
in the plasma edge.

5. Conclusions

In this paper, an overview of the MARFE phenomenology in the
FTU tokamak has been presented. A MARFE appears in the high
field side of the torus whenever n. ~ 0.5 ng, and determine clear
fluctuations in the density signals. These fluctuations correspond to
cyclical increase of the density profile in the HFS MARFE position.
The main oscillation frequency falls in the range of ~80 + 240 Hz,
and the amplitude is related to the averaged density of the MARFE
oscillation and frequency, rather than the magnitude of Br. In the
cases of well developed MARFE, the temperature gradient is related
to Br, but not to its amplitude and frequency. The fact that the
gradient of temperature AT, is a trigger of MARFE oscillations is
consistent with classical models of the MARFE [7,11].

A dedicated session has been performed, where the direction of
Br on axis has been reversed, as well as with the MARFE detached
from the toroidal limiter: the result is that the stable position of
the MARFE correlates with the magnitude and direction of the ion
drift velocity, which can be determined analytically in the large as-
pect ratio expansion in lowest order tokamak equilibrium. These
results show that the MARFE phenomenology in FTU is consistent
with theories of energy conservation in the plasma edge, that in-
clude ion drift effects.
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Appendix. Calculation of ion drifts in the lowest order
tokamak equilibrium

We start from the guiding center equations of motion in the
case of no perturbations [9], assuming positive charge (ions), ne-
glecting the E x B drift and the parallel motion along 6 (Fig. 4).
The drifts in the poloidal and radial direction are written in non-
dimensional form as [10]:

: B

0:%(,u+pﬁ3)aa—% (A1)
, 3B

¢p=—%(u+pﬁ3)@ (A2)

where D =gq+1+ pj(gl'—1g’), g and I are the covariant compo-
nents of the toroidal and poloidal magnetic fields, respectively, B
is the module of B, = mv? /2B is the magnetic moment, o=
my) /eB is the “parallel” gyroradius. We assume Boozer coordinates
Y¥p, 6, ¢, and prime (‘) indicates the derivative with respect to .
Times are normalized to the gyrofrequency wy = eB/m and dis-
tances to the geometrical major radius R.

Now start expanding in the lowest order tokamak equilibrium
[9]:

1= eo1 dy,=dr (A3)
I R

In this way D ~ gq. The magnitude of B in a cylindrical toka-
mak, leaving away terms which are ©(&2), with ¢ = a/R, is:

B= g+i~§~ 1-rcosf + A(r (A4)
- X2 qZXz'\’X g( - ())

with X and the Shafranov shift A defined in Egs. (1) and (3),
respectively. Now assume to reverse the direction of Br on axis,
as sketched previously in Fig. 4: this means putting g — —g and
q — —q. Recall the definition of o as the sign of B on axis
(Eq. (4)): it follows that the denominator D ~ o02q=q and B~
o(1—rcos @ + A(r)) [10].

Taking the derivatives of B along r and 6 in Eq. (A4), and sub-
stituting in Eqgs. (A1) and (A2) with D = q, we have the final ex-
pression

r0 = —o (1 + piB) cos6 + o (u + p?B) A'(r) (A5)

f=—0(u+ pfB)sind (A6)

Note that in Egs. (A5) and (A6) the dependence of the drifts on
g, through D, has vanished! The drifts can be cast also in Cartesian
form using Eqgs. (1), (2) and (A3):

X =-0(n+pfB)A'(r) sind (A7)

Z=-0(n+pfB)(1-A'(r)cos 0 ) (A8)

The term in parenthesis in the rh.s. is approximately the
“energy” of the ion, 1/2mv? +mvﬁ. By including dimensions,
and assuming 12 ~ 1% = 12

I %y and using the gyroradius p = vyp,/wy,
Eq. (9) becomes:

Z(cm/s) = —o ’0;;”‘ (1—A'(r)cos 6) (A9)

that is the desired Eq. (4).
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