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Transition from drift to interchange instabilities in an open magnetic field

line configuration
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The transition from a regime dominated by drift instabilities to a regime dominated by pure
interchange instabilities is investigated and characterized in the simple magnetized toroidal device
TORPEX [TORoidal Plasma EXperiment, A. Fasoli ef al., Phys. of Plasmas 13, 055906 (2006)].
The magnetic field lines are helical, with a dominant toroidal component and a smaller vertical
component. Instabilities with a drift character are observed in the favorable curvature region, on the
high field side with respect to the maximum of the background density profile. For a limited range
of values of the vertical field they coexist with interchange instabilities in the unfavorable curvature
region, on the plasma low field side. With increasing vertical magnetic field magnitude, a gradual
transition between the two regimes is observed on the low field side, controlled by the value of the
field line connection length. The observed transition follows the predictions of a two-fluid linear
model. © 2008 American Institute of Physics. [DOI: 10.1063/1.2899303]

I. INTRODUCTION

Among the modes driving turbulence in the scrape-off
layer (SOL) of fusion devices, drift waves and interchange
instabilities play a major role. Drift waves arise in the pres-
ence of plasma density gradients and can be driven unstable
by resistivity, finite electron mass, and Landau damping.
Their growth rate is y~ w,,, where w,.=k | p,c,/ L, is the drift
frequency, ¢,=\T,/m; is the sound speed, p,=c,/Q;, ; is
the ion gyrofrequency, and L, is the density scale length.
Drift waves have a maximum growth rate at k , p,=1 and
require finite k; to become unstable.'™

The interchange instability is driven by collinear mag-
netic field curvature and pressure gradient. It has flute char-
acteristics, with k=0, and a global character in the perpen-
dicular direction, growing on ﬁ largest allowed spatial
scale, with growth rate y~c,/ \J'RL,,.3’4 Despite the clear dif-
ferences in their character, the relative importance of these
instabilities in the SOL is still a matter of debate. Experimen-
tal evidence for both mechanisms is documented in the lit-
erature and fluid models for simulation of turbulence in the
SOL are run in both limits.”™®

The present paper investigates the transition from a re-
gime dominated by drift instabilities to one dominated by
pure interchange instabilities in the simple magnetized torus
TORPEX.” The TORPEX magnetic geometry consists of a
toroidal magnetic field, B, on which a vertical magnetic
field, B,, is superposed, resulting in helical field lines with
both ends terminating on the torus vessel. This magnetic con-
figuration, with open field lines characterized by long con-
nection lengths, presents similarities with the tokamak SOL
and provides a drive for both instabilities,'° allowing at the
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same time more detailed diagnostics and wider parameter
scans than typically possible in fusion devices.

The characterization of TORPEX instabilities in hydro-
gen plasmas and their development into turbulence were the
subject of previous works.'"'? The case of weak vertical
magnetic field was considered, in which it was shown that
the observed instabilities have a drift wave character. Be-
cause of the importance of magnetic field curvature in the
dispersion relation, they were referred to as drift-interchange
instabilities. In the present paper we report on the transition
from a regime where the drift-interchange instability has a
drift character to one where it has a pure interchange char-
acter, depending on the value of the vertical magnetic field.
The instabilities are analyzed and identified by studying their
spectrum, their dispersion relation, and their spatial localiza-
tion. Although a transition between drift and flute-type insta-
bilities was studied in a linear device' by varying the radius
of the plasma column, and drift and interchange instabilities
were observed and studied in a number of simple toroidal
devices (see, for example, Refs. 10 and 14-16, and refer-
ences therein), to our knowledge no evidence of the coexist-
ence of the two instabilities in the unfavorable curvature re-
gion has been obtained so far in toroidal magnetized
plasmas.

The observed transition is confirmed theoretically by the
predictions of a two-fluid linear model, based on the drift-
reduced Braginskii equations (see, e.g., Zeiler et al.'"). The
model describes the evolution of density 7, potential ¢, elec-
tron temperature 7,, and parallel current jj, taking into ac-
count the curvature of the magnetic field, resistivity, and fi-
nite electron mass (i.e., the drives for both the interchange
and the drift instability). The model confirms that the insta-
bility has a drift character at low vertical field, and an inter-
change character at high vertical field.

The paper is organized as follows: After a short sum-
mary of the experimental setup and the background profiles
(Sec. II), the identification of the instabilities is discussed in
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Sec. III. Following a description of the general properties of
the power spectra of density and potential fluctuations for
both instabilities (Sec. IIT A), the driving mechanism is iden-
tified by reconstructing the profile of fluctuations over the
whole plasma cross section (Sec. III B). The measured dis-
persion relation for the interchange instability, both across
and along the magnetic field, is discussed in Sec. III C,
together with a comparison of the measured phase velocities
with the drift velocities calculated from the background pro-
files. The fluid derivation of the dispersion relation is dis-
cussed in Sec. IV and the implications of these results in
Sec. V.

Il. EXPERIMENTAL SETUP

The experiments presented herein are performed in the
toroidal device TORPEX (Ref. 9) (major radius Ry=1 m,
minor radius @=0.2 m), in hydrogen plasmas at neutral gas
pressure of 6 X 107> mbar. The magnetic field lines are heli-
cal and result from the superposition of a dominant toroidal
component, whose value is kept constant at B,=76.6 mT
on axis, and a small vertical component B,, whose magnitude
is increased from 0.2 to 2 mT, in steps of 0.2 mT. This
variation results in a shortening of the connection length,
L.(R)=2B,/B_\a’~(R-Ry)*=27NR, from 74 m to 16 m at
R=R,, where N is the number of toroidal turns of a field
line between the two points at which it intersects the vessel.
Plasmas are generated and sustained by microwaves injected
from the low field side, with a frequency of 2.45 GHz,
in the range of the electron cyclotron frequency. Typical
values for the time-averaged density, electron temperature
and plasma potential are, respectively, 7~ 10'—10'" m™3,
T,=5¢eV, $=10-20 V.

A four-tip Langmuir probe (LP) array, with a vertical
separation of 0.3 cm between adjacent tips, is used to mea-
sure the radial profile of density and floating potential fluc-
tuations at midplane, and the associated wavenumber along
z. The same array, configured as a triple probe,18 is used to
measure the radial profile of temperature and electrostatic
plasma fluctuations at midplane. Three arrays of eleven pairs
of fixed LPs, with separation of 0.8 cm between pairs and
0.1 cm between tips within the same pair, provide measure-
ments of density fluctuations along the azimuthal direction.
The arrays, each covering an arc length of 11 cm, are in-
stalled on the same poloidal cross section and are separated
azimuthally by /2, to measure the dispersion relation & 4()
at 16 cm from the center of the vessel. The layout of these
probes and the poloidal region covered by each array are
shown in Fig. 1.

The time-averaged profiles of density, electron tempera-
ture and plasma potential, are shown in Fig. 2 for selected
values of the vertical field. The plasma parameters are recon-
structed in the region |[R—R,| =12 cm and |z| =13 c¢cm from
the I(V) characteristic of an 8-tip LP array, over 0.3 s of
stationary discharge with absorbed power of approximately
400 W. The plasma potential profile is recovered from the

temperature and the floating potential ¢, as ¢=c+uT,/e,
where p=3.15 is determined experimentadly.19
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FIG. 1. (Color online) (Top) TORPEX cross section with probe positions.
The shaded area indicates the region covered by the 8-tip probe array for the
measurement of plasma profiles. Crosses represent the position of an 86-tip
array for the measurement of density and floating potential fluctuations. The
three arrays of 11 pairs of probes are indicated as dots. The dark shaded area
indicates the region of measurement of the 4-tip probe array used for the
measurement of the dispersion relation at midplane. (Bottom) Configuration
used for the measurement of the parallel wavenumber. The dotted curve
represents the equatorial plane, while the continuous line sketches a mag-
netic field line intersecting the two arrays of probes.

The density profile is centered with respect to the vessel
cross section and has good symmetry along R and z. Tem-
perature and plasma potential profiles are more elongated in
the z direction and approach a slablike configuration with
increasing vertical field magnitude. The maximum density
stays approximately constant, with relative variations below
20% across the full range of the vertical field values; the
relative increase in temperature and plasma potential is twice
as large.

Figure 3 shows the radial gradient scale lengths for
density and temperature, defined as L,=n/Vgzn and
Ly=T,/VgT,, and of the background electric field as a func-
tion of the vertical magnetic field. The plotted values corre-
spond to measurements taken on the low field side, at the

radial positions of the maximum gradients of 7z, T,, and ¢,
which coincide at 6 cm within the experimental uncertain-
ties. The density gradient scale length stays approximately
constant up to B,=1.2 mT and is comparable to the tempera-
ture gradient scale length for all values of the vertical field.
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FIG. 2. (Color) Time averaged profiles of density, electron temperature, and
plasma potential, for different values of the vertical field, increasing from
top to bottom.

Comparable values of L, and absence of a clear trend with B,
are also observed on the plasma high field side.

We note that, in agreement with Fig. 3(a), Ref. 8 pre-
dicts, for the turbulent regime typical of these experiments,
that the density and temperature scale lengths remain con-
stant when the magnetic field is varied. Although the maxi-
mum value of the electrostatic plasma potential monotoni-
cally increases with B_, the electric field varies between 60
and 150 V/m, without a clear trend.

lll. IDENTIFICATION OF THE INSTABILITIES

A complete characterization of the nature of instabilities
is performed on TORPEX by comparing the measurements
of density and potential fluctuations taken at different loca-
tions over the whole plasma cross section. From the power
spectrum of 77 over the whole plasma cross section, we re-
construct the profile of the amplitude of fluctuations associ-
ated with coherent spectral components (see, for example,
Refs. 11 and 20 for a detailed description of the method).
Assuming that the profile of the mode amplitude is related to
that of the corresponding instability drive, this method al-
lows us to identify the driving mechanism and to separate
distinct driving mechanisms associated with individual spec-
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FIG. 3. Top: Variation of the density gradient scale length L, (black squares)
and of the electron temperature gradient scale length L; (open squares) with
the amplitude of the vertical field, measured on the low field side, at the
position of maximum pressure gradient. Negative values of L, and Ly indi-
cate that the associated gradients decrease along positive R. Bottom: Varia-
tion of the radial electric field with B,, measured at the same location.

tral components. The second step is the measurement of the
dispersion relation both across and along the magnetic field.
In the latter case, care is taken to keep probes aligned along
the magnetic field lines.'%

We do not rely on the measurement of the phase shift
between 77 and ¢ for a definite identification of the nature of
the instabilities, nor on the comparison between the normal-
ized density and potential fluctuations. The value of the
phase shift between 77 and ¢ is commonly used in plasma
experiments to discriminate between drift instabilities (phase
shift between 0 and 7/4) and flute instabilities (phase shift
between 7r/2 and 7).>' On TORPEX the phase shift between
density and potential fluctuations does not seem to depend
unequivocally on the nature of the instability, as will be dis-
cussed in Sec. III A, and it cannot be used as a discriminat-
ing quantity.

A. Power spectrum of fluctuations

The radial profile of density and potential fluctuations
measured at midplane, as well as the associated power spec-
tra, are shown in Fig. 4 for B_ €[0.6,1.8] mT. The spectra
refer to measurements taken on the high field side, at R
—Rp=-9 cm, and on the low field side, at the position of
maximum level of density fluctuations, approximately equal
to 6 cm for most values of the vertical magnetic field. Den-
sity fluctuations peak on the low field side with respect to the
maximum of 7, at the position of maximum pressure gradi-
ent, a feature common to a wide variety of TORPEX experi-
mental scenarios.'” At this location 77/7=90% for most
values of B,. Plasma potential fluctuations are estimated as
b= (7)f+ ,uje/ e, where (Ef and ¢ denote, respectively, the fluc-
tuating part of the floating and of the plasma potential. The
normalized values of density and potential fluctuations, inte-
grated over the whole range of frequencies, are comparable
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FIG. 4. Left: Radial profile of 7/ (black circles) and /T, (open circles), for different values of B_, increasing from top to bottom, as indicated in the legend.

Center: power spectrum (a.u.) of 77 (thick line, left axis) and Z) (thin line, right axis) measured on the high field side. Right: as the center column, but for
measurements on the low field side. The drift-interchange mode is indicated by the black arrows on the top of the picture, while the interchange mode is

indicated by the shaded stripe in the right column.

in amplitude on the high field side for all values of B,, while

ii/n~2e/T, on the low field side for B,>0.6 mT.

Two low frequency modes with different properties are
detected in the power spectra of 7. The first one, with fre-
quency =4 kHz, is measured both on the high and on the
low field side, and its frequency and amplitude are barely
affected by the value of B,. The second one is measured only
on the low field side, in a layer of radial extension of
5-8 cm, and its spectral features are strongly affected by the
magnitude of the vertical field. The peak associated with this
second mode is broad in frequency at the lowest B,, and
becomes narrower with increasing vertical field magnitude.
Its frequency and its spectral width decrease, respectively,
from 15 to 5 kHz and from 8 to 0.8 kHz when B, is raised
from 0.8 to 1.8 mT. At the same time the amplitude increases
and this mode dominates the power spectrum of fluctuations
for B,>1.0 mT. These differences in the spectral features
suggest that the two modes are associated with instabilities
of a different nature. The dispersion properties of the insta-
bility at 4 kHz have been analyzed in detail for B,=0.6 mT
and the instability was identified as a drift—interchang:{e.11 On
the HFS this mode is narrow in frequency and wavenumber
for R—Ry<-10 cm, close to the location of the EC reso-
nance layer at —12.5 cm. On the left of the EC resonance

layer the density gradient is even steeper than that measured
on the LFS and can destabilize drift waves.'”!" The density
gradient at the EC resonance layer was shown to be indepen-
dent of external parameters, such as the neutral gas pressure
and the vertical magnetic field." This, in addition to the fact
that the E X B velocity on the HFS is negligible with respect
to the diamagnetic drift velocity, justifies why the measured
wavenumbers and frequencies hardly change with the verti-
cal field. Since the vertical and radial wavelengths associated
with the mode are comparable to or larger than the radial
extension of the EC resonance layer, we cannot exclude that
the small region of unfavorable curvature present on the right
of the EC resonance layer may further contribute to destabi-
lizing the mode. The density fluctuations associated with the
instability have their maximum amplitude in a limited region
at the bottom of the plasma cross section, on the low field
side, as also shown in Fig. 6. This suggests that the drift-
interchange instability is convected to this location from the
HFS. Following the convection motion on the LFS, the am-
plitude of the mode decreases, mostly because of nonlinear
interactions that transfer energy to other spectral
components.12 The wave dispersion barely changes with in-
creasing vertical field, with a phase velocity in the range of
600—-1000 m/s, and parallel and perpendicular wavenum-
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FIG. 5. Phase shift between density and plasma potential fluctuations (thick
line), measured on the high (top) and on the low field side (bottom), for
B.=1.2 mT. The coherence spectrum (thin line) is shown for comparison.

bers, respectively, equal to k;=0.3-0.4 m™' and k=15
—-30 m~!. The drift character of the instability is confirmed
for all the considered values of the vertical field, though
details of the measurements are not discussed in this paper.

We focus instead on the identification of the second in-
stability and on the transition between the two regimes. It is
shown below that the mode detected on the low field side is
an interchange instability, driven by the curvature of the
magnetic field in the region where the magnetic field gradi-
ent and the pressure gradient are collinear. The interchange
instability was found to have an important role in the gen-
eration of blobs on TORPEX, which detach from the main
plasma and propagate radially outward.”>** The blob sce-
nario was characterized for values of the vertical magnetic
field larger than those analyzed in this paper and for a
slightly lower value of the neutral gas pressure. Nevertheless,
the measured frequency, 4 kHz, was lower than the value we
measure at 1.8 mT and consistent with the trend observed
with B,. The interchange nature of the instability was also
confirmed by a comparison with a two-fluid interchange
model.

Figure 4 suggests that interchange and drift-interchange
instabilities can coexist on the low field side of the maximum
of 7 for some values of the vertical field. The amplitude of
the interchange mode is dominant over that of the drift-
interchange mode for B,>1.0 mT, where the latter can no
longer be detected at midplane. As noted above, the normal-
ized density fluctuations are approximately twice as large as
the normalized potential fluctuations on the low field side.
These differences are mostly due to the interchange instabil-
ity detected on the low field side. The normalized density
and potential fluctuations are in fact comparable for
B,<<0.8 mT, where the interchange instability has very low
amplitude, but differ in value for B,=0.8 mT, where the
interchange mode dominates the power spectrum of 7.

Phys. Plasmas 15, 032104 (2008)
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FIG. 6. (Color) Top: Profile of the rms value of density fluctuations associ-
ated with the drift-interchange instability (a) and with the interchange insta-
bility (b), for B,=1.2 mT. Middle: P,(k,, w), measured at the upper part of
the poloidal cross section, on the high (c) and on the low (d) field side.
Bottom: P,(ky, ®), at the lower part of the poloidal cross section, on the high
(e) and on the low (f) field side.

The phase shift between density and potential fluctua-
tions is shown in Fig. 5 for the case of B,=1.2 mT. For both
instabilities, the measured phase shift is close to 7/2, thus
preventing a clear identification of the nature of the instabili-
ties on the basis of this quantity. Also for the other vertical
field values the phase shift varies between + and —r, with
no clear separation between the two instabilities. Note that
the value of the phase shift between 77 and ¢ has direct im-
plications on the value of the fluctuation-induced particle
flux. If it is independent of the nature of the instabilities, one
cannot define “typical” particle fluxes associated with insta-
bilities of a different nature. Experiments on TORPEX have
demonstrated in fact that interchange and drift instabilities
give comparable values of the fluctuation induced particle
flux related to fluctuations in the range of vertical magnetic
field values between 0.9 and 1.2 mT.**

B. Identification of the driving mechanism

The drift-interchange and the interchange instability are
separated in frequency and appear at two separate locations,
as it is evident from the measurement of P(k,, w), shown in
Fig. 6 for the case of B,=1.2 mT. A comparison of the spec-
tra, measured at the upper (Figs. 6(c) and 6(d)) and at the
lower (Figs. 6(e) and 6(f)) of the poloidal cross section, con-
firms that the interchange mode is detected only in the unfa-
vorable curvature region, while the drift-interchange mode is
detected on both sides. Figures 6(a) and 6(b) show the 2D

Downloaded 29 May 2008 to 128.178.125.67. Redistribution subject to AIP license or copyright; see http://pop.aip.org/pop/copyright.jsp



032104-6 Poli et al.
1 . — .
(a) e o
o |
o °
~_ 08¢ | . 1
[ ]
I ®
0.6 —— — - *
 (b) ' _
- |
e o |
< |
-1t i
. | - .
0 5 10 15
Az (cm)
0.1 . : :
(c)
£
< 0057 .
O 1
-1 -0.5 0 0.5 1
k,(m™
L (d) | ]
— 087 1
I L 4
£ 04} ]
~ r | 1
o} t ]
|
-2 0 2 4 6 8
Az (cm)

FIG. 7. (a—c) Wavenumber measured at R—Ry=5 cm, for B,=1.6 mT. (a)
Amplitude of the coherence spectrum, calculated at the frequency of the
mode as a function of the vertical separation between tips, calculated with
respect to the tip in the downstream array. The dashed line indicates the
vertical coordinate z, where the magnetic field line that passes through the
reference tip at the location of the downstream probe intersects the upstream
array. (b) Measured wavenumber as a function of the vertical separation
between tips. The plotted value of k,, is the center of the Gaussian curve that
fits the wavenumber spectrum P(k,,), the error bar is its spectral width. (c)
Wavenumber spectrum measured around z,, at Az=3 cm (k,,=—0.1 m™"),
and Az=5 cm (k,,=0.22 m™"). (d) Wavenumber measured at R—R,=9 cm,
for B,=0.6 mT.

profile of the rms value of density fluctuations associated
with the two instabilities for B,=1.2 mT. The rms fluctua-
tions are reconstructed as [ P(wy)Aw,]"?, where P(w,) is the
power spectral density of 77 at frequency w, and Awy is the
mode spectral width. Both instabilities have their maximum
amplitude on the low field side, with the drift-interchange
instability being maximum at the lower part of the plasma
cross section,'"'? and the interchange instability being maxi-
mum in a region extended along the z direction.

The spectral measurements, taken over the whole poloi-
dal cross section, confirm that the interchange mode is gen-

Phys. Plasmas 15, 032104 (2008)
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FIG. 8. (Color online) Wavenumber and frequency spectrum of 7z, measured
at midplane from two LPs with vertical separation of 0.6 cm, as a function
of the vertical field, increasing from top to bottom. Measurements have been
taken for each value of B, at the radial position of the maximum level of
fluctuations. The value of P,(k.,w) is normalized to the total power,
S0Pk, o).

erated and survives only on the low field side, where the
curvature of the magnetic field is destabilizing. The drift-
interchange instability is instead convected to the unfavor-
able curvature region where the curvature acts as an addi-
tional destabilizing factor.

C. Measurement of the dispersion relation

The dispersion relation across and along the magnetic
field is extracted from the wavenumber-resolved power spec-
trum associated with density fluctuations, P,(k, ). The latter
is reconstructed by applying a two-point correlation
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FIG. 9. Variation of k, (black circles) of the interchange mode with the B..
The vertical bar represent the spectral width in the wavenumber space. The
open circles represent the wavenumber calculated as 27/ A, where A is the
vertical displacement of a field line after a complete toroidal turn.

technique25 to the time series of 77 measured with two Lang-
muir probes, with mutual separation typically much smaller
than the related correlation length.

The parallel wavenumber has been measured from the
phase shift between two probes with toroidal separation of
/2, positioned at the same radial location. Because of the
effect of the projection of the perpendicular wavenumber k |
along the direction of measurement, when probe tips are not
exactly aligned along the same field line, the measured
wavenumber is a combination of k, and k;. We have used
two arrays of probes and we have measured the phase shift
for all combinations of tips belonging to different arrays.20
Figure 7 shows the results of the measurements for
B,=1.6 mT. The value of the coherence spectrum measured
at the frequency of the mode, w/27=9 kHz, is maximum at
a coordinate z close to the calculated position of the same
magnetic field line, z,, indicated in the figure with a dashed
line. The measured wavenumber k,, changes its sign across
20, suggesting that kj is close to zero; only an upper estimate
of kj can be given on the basis of the measured phase shift.
The wavenumber measured from the spectrum P(k,,) at the
coordinate where the coherence is maximum is 0.12 m~,
with a width of 0.14 m™~!, Fig. 7(c). An interpolation of the
measured k,, at the coordinate z,, using the parameters of a
linear fit," gives k;=0.06 m~!. The same sign inversion in
k,, is observed for all values of B_, indicating that the insta-
bility detected on the low field side has always an inter-
change character. We note that this sign inversion is not ob-
served in the case of the drift-interchange instability, as
shown in Fig. 7(d).

Figure 8 shows P,(k,,w), measured at midplane with
two Langmuir probes, located at the same radial and toroidal
positions, and separated by 0.6 cm along z. The spectra
shown in the figure refer to measurements taken on the low
field side and, for each value of B,, at the position of the
maximum level of density fluctuations. Although for low val-
ues of B, the frequency spectrum is broader, a wavenumber
k, can still be clearly identified. For increasing vertical field
amplitude the spectrum becomes narrower both in the w- and
in the k_-space and peaks at lower values of frequency and
wavenumber. For all values of B, we measure o-kz<kz, indi-
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FIG. 10. (Color online) (a—c) Radial profile of the phase velocity (red
circles), w/k,, measured at midplane, for different values of the vertical
field. Squares indicate the vertical component of the electron diamagnetic
drift velocity, v,,-Z, while diamonds indicate the E X B drift velocity, vg-Z.

The component along £ of the difference |v;|-|v,,| is indicated with a

dashed red line. (d) Measured phase velocity of the drift-interchange mode
(open circles) and of the interchange mode (black circles) as a function of
the vertical field magnitude.

cating that turbulence is weakly developed even for the low-
est vertical field values. The correlation length, estimated as
the inverse of the spectral width in k_, increases from 17 to
48 cm when B, is raised from 0.8 to 1.8 mT. The variation of
k, with the vertical field magnitude is shown in Fig. 9. The
measured wavenumbers are in good agreement with the in-
verse wavelength corresponding to a complete toroidal turn,
A=27R,B,/B,, where R;=Ry+6 cm is the radial position
where k_ is measured. This is the wavelength expected for an
interchange instability, as detailed in Sec. IV. Larger values
of B, correspond to shorter connection lengths, and are thus
associated with longer perpendicular wavelengths, i.e.,
smaller values of k..

Figures 10(a)-10(c) show the radial profile of w/k,,
measured at midplane, for B,=0.9, 1.0, and 1.8 mT. For each
B, value, the measured phase velocity is compared with the
radial profile of the electron diamagnetic and of the E X B
drift velocity, resp. v,, and vg. As the background density

gradient and the electric field are at midplane along R, the
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component along z of v, and vg is represented in the pic-

ture. As vg . and v, . have opposite directions, the resulting

*ke,Z
velocity at midplane is the difference between their absolute
values. Over most of the radial profile |v,,| <|vg| for all

values of B,, and the difference between the two is close to
|vg|. As the interchange instability is measured only on the
low field side, the comparison between the phase velocity
and the drift velocities is possible only in a limited region of
the equatorial plane. The wave frequency is measured in the
laboratory frame, thus is Doppler shifted by the E XB fre-
quency, k,vg. For the typical TORPEX background param-
eters, the phase velocity of a pure interchange instability is
below 100 m/s, thus approximately 20 times lower than the
E X B velocity. The phase velocity measured in the labora-
tory frame is in this case essentially the E X B velocity. The
measured phase velocity is in good agreement with v for
B.=0.9 mT and B,=1.0 mT. For B,=1.8 mT, |v.|<|vg

and it is difficult to conclude whether the measured phase
velocity corresponds to |[vg| or to |vg|—|v..|.

b}

For the values of B, for which both instabilities are ob-
served on the low field side, the phase velocity of the drift-
interchange mode is, on average, 300 m/s lower than that of
the interchange mode, as shown in Fig. 10(d). This differ-
ence is comparable in amplitude to |v,,|, as calculated from

the background profiles, although the large error bars in the
measured electric field prevent us from a more detailed com-
parison between the phase velocities of the two instabilities
and the drift velocities.

Once the value of the wavenumber is fixed from the
geometry, as discussed above, the measured frequency is the
E X B frequency, wy=k,vp, in agreement with the observed
trend of frequency and wavenumber with the vertical field,
Fig. 8.

IV. COMPARISON WITH THEORY

We consider the linearized drift-reduced Braginskii
equations (see, e.g., Ref. 17) in the limit B=2uiT,/B>< 1,
T,<T,, v;<v),. The equations are written in a field-
aligned coordinate system, where R is the radial direction
and y is the direction perpendicular to both R and the parallel
direction. It should be noted that y coincides with the cylin-
drical z coordinate only for a purely toroidal magnetic field.

By neglecting stationary flows (i.e., 0;,=0, ¢=0), the
linearized equations for the perturbed quantities 7z, (7), fe, and

J) are

on logon 2 (_&Te _on _a&s) Vi

—=—-———+ n—+T,——en— |+—,

at B dy dR eR\B\ dy ady dy e
(1)

oV’¢p 2B (T,on dT,\ Bw,_ ~

—=—(T—+ e)+ “Vii, (2)

ot miRl n 0}’ &y en
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P A 171
mTe_ﬂ = — ﬂ —_ VH¢+ —iV”ﬁ+ _VHTE' (4)
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It is defined®® as oy=1.96ne’r,/(4meym,) and 7,
=6\2m,(mkyT,)¥?€/ (nAe*), where A is the Coulomb loga-
rithm. Assuming that the perturbations do not depend on R
and are expressed in the form J?:fexp(yt+ikyy+ikuxu), the
dispersion relation associated with Egs. (1)—(4) can be writ-
ten as

ag+a,y+ayy +ayy +asy =0 (5)
with
ag= %[IOide - 6.0l o0+ w,), (6a)

1
a) = §i<40"%wj— 20[i(k§ —1v- %w*] )
+2{[5.85k; + 7k, — 6.84(k; + 1) + 4]}

+3i(n+ Dvw, o, —3(1.71n+ l)wfw*), (6b)

1
= g{zo(ki_ 1)%0"21*‘ {20ivk§—6%(n+ l)w*:|wd

— [8.85k; + 3]wﬁ}, (6¢)
1, .om,
az= gky 20iw,— = 3v/, (6d)
m;
ay=— kiﬂ’ (6e)
m;

where w,=k,p,c,/R), w,=kpci/L,, w=kc,, n=L,/Lq,
v=e’n/(oym;). The dispersion relation in Eq. (5) contains
interchange and entropy modes in the k=0 limit (i.e., in the
;=0 limit, denoted as interchange limit),27 and drift waves,
made unstable by finite electron mass and resistivity effects,
in the limit R, — (i.e., in the limit w,=0, denoted as
drift-wave limit).”® The mode described by the full disper-
sion relation, Eq. (5), is denoted as drift-interchange mode.
Because of the magnetic geometry in the TORPEX device,
the wavenumbers k, and k; have a discretized spectrum.
The perturbations can be expressed as f:fexp(ingoﬂkzz)
=fexp(ik¢R1(p+ikzz) (for B,<B, z=y and k,=k),
k,=2ml/L, L, is the vertical distance between the bot-
tom and the top of the vessel, at radius R;, and
n,l=0,%x1,%*2,.... From k, and k,, the parallel wavenum-
ber can be evaluated, k”=k'B/B=(nB¢/R1+kZBZ)/VB‘2p+B§.
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FIG. 11. (a) Dependence of the normalized growth rate of the drift-
interchange (thick line) and of the drift and interchange instabilities on the
vertical field. The value of the vertical field is parametrized by N, the num-
ber of toroidal turns of a magnetic field line, the larger N the lower B.. (b, c)
Analytical solution of the dispersion relation in the limit of interchange
instabilities.

Using the fact that B,<<B,, and writing ky=2mm/L, (N is
assumed to be an integer), one obtains m=1[+Nn.

Figure 11 shows the maximum growth rate of the insta-
bility predicted by Eq. (5) as a function of N, in the inter-
change limit, in the drift wave limit, and for the full drift-
interchange dispersion relation (thick line). The modes with
ky=0 are excluded in the latter case to isolate the contribution
from the interchange instability. The maximum growth rate
is evaluated over the allowed k, and k. We use 7=1,
L.=100p,, R,/L,=10, vR|/c;=m,R;/(m;c,7,)=0.001, which
correspond to the typical values measured in the experiments
discussed herein. With increasing N (i.e., decreasing B.) the
growth rate of the drift-interchange mode increases with re-
spect to the interchange mode; their growth rates become
comparable at N=10, which corresponds to B,=0.4 mT.
With focus on the interchange mode (i.e., the mode with
m=0), its wavenumber is discretized according to
k,=2mn/(L./N)=2mn/A. The growth rate and the frequency
of the mode as a function of k, are shown in Figs. 11(b) and
11(c). The peak growth rate is localized at the lowest allowed
k,, k,=2ar/A. This value is in good agreement with the mea-
sured k,, as shown in Fig. 9. The frequency shown in Figs.
11(b) and 11(c) is calculated in the plasma frame. In the
laboratory frame the measured frequency is Doppler shifted

Phys. Plasmas 15, 032104 (2008)

by the E X B velocity, by the amount kvg. The E X B flow is
treated as a constant background by simply inducing a
Doppler shift in the measured frequency and is therefore not
included in the model. As shown in the figure, at its maxi-
mum growth rate, the frequency of the interchange mode is
below 1 kHz; the corresponding phase velocity, calculated
for k,=40 m~!, is below 160 m/s, much lower than the
phase velocity of 1.8 km/s induced by the EXB flow, in
agreement with the measurements, Fig. 10(c).

V. CONCLUSIONS

Both drift and interchange instabilities are observed in
TORPEX plasmas. They coexist in the unfavorable curvature
region for a limited range of values of the vertical magnetic
field. The drift mode is dominant for low values of B,, cor-
responding to a long magnetic field connection length be-
tween top and bottom of the vacuum vessel. A gradual tran-
sition to a pure interchange instability is observed when the
magnitude of the magnetic vertical field is increased. The
observed transition is consistent with the predictions of a
two-fluid linear model, based on the drift-reduced Braginskii
equations,17 which takes into account the curvature of the
magnetic field, resistivity, and finite electron mass effects
(i.e., the drive for both the interchange and the drift
instability).8 Consistent with the observations, the drift insta-
bility is found to dominate for the lowest values of the ver-
tical field, while the interchange instability is dominating for
large vertical fields.

The plasma conditions investigated on TORPEX exhibit
a close similarity with those of tokamak SOL, characterized
by a magnetic field configuration with open field lines.
Plasma parameters and the high relative fluctuation levels,
driven by strong, localized pressure gradients, are compa-
rable. Similar results are also found in terms of statistical
properties of fluctuations, which are dictated in TORPEX
plasmas by the dynamics in the drift-interchange range of
frequencies.29 Other phenomena are commonly observed in
both tokamak SOL and TORPEX plasmas, such as the
anomalously high level of turbulent cross-field transport as-
sociated with instabilities and with propagating macroscopic
structures, or blobs.** On TORPEX, drift-interchange insta-
bilities are ultimately responsible for the generation of blobs.
This effect is particularly evident at the largest values of the
vertical magnetic field, for which the background profiles
have a pronounced slab character and the instability has an
interchange character.”*** A similar relationship between in-
stabilities and blobs is compatible with results obtained in
tokamaks,”™*" as suggested by numerical simulations. >
Therefore, the study of cross-field transport would greatly
benefit from a deeper understanding of the nature of the drift-
interchange instabilities.

The results presented in this paper may have a direct
impact for fusion plasmas, in that they provide a useful
benchmark for the modeling of SOL turbulence. Drift and
interchange modes can coexist in the region across the Last
Close Flux Surface. Depending on the dominant character of
the instabilities, different regimes, possibly with a different
impact on the cross-field transport, could be achieved. The
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transition between regimes may be ascribed to a single pa-
rameter, such as the connection length for TORPEX. The
identification of and the possibility of controlling such pa-
rameter may represent a considerable step forward for a bet-
ter understanding of SOL physics.
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