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We report the observation of a transport bifurcation that occurs by spontaneous self-organization of
a drift-wave and shear flow system in a linear plasma device. As we increase the magnetic field
above a threshold (BCr ¼ 1200 G), a global transition occurs, with steepening of mean density and
ion pressure profiles, onset of strong E" B shearing, a reduction of turbulence, and improved
turbulent radial particle transport. An abrupt transition appears in the graph of turbulent particle
flux versus density gradient. Hysteresis in the density gradient further confirms this transport
bifurcation. The total Reynolds work on the flow sharply increases above threshold. This correlates
with the increase of density steepness, which suggests the Reynolds stress-driven flow that plays an
essential role in density steepening and transport bifurcation. A change in turbulence feature from
drift waves (DWs) to a mix of DWs and ion temperature gradients also coincides with the transport
bifurcation. Interesting phenomena related to the transport bifurcation are also reported; a local
inward particle flux, the co-existence of ion and electron features, and a self-sustained axial flow
absent momentum input. VC 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4944819]

I. INTRODUCTION

In magnetically confined plasmas, experiments on low-
mode (L-mode) to improved confinement-mode (H-mode)
transitions (L-H transitions) have shown that in order to enter
H-mode, a threshold power input, PLH, must be exceeded. At
that point, a bifurcation to an enhanced confinement occurs.
These enhanced confinement states are characterized by
steepened profile gradients and (often) strongly sheared
radial electric fields. When the heating power is reduced, the
threshold for the back transition from H-mode to L-mode
(the H-L back transition) occurs at a different power
PHL < PLH. This bifurcation threshold hysteresis in the mac-
roscopic transition condition is manifested in a nonlinear
relationship between the heat flux and the plasma gradients.1

Transport bifurcations have been linked to turbulence sup-
pression mechanisms, most notably E" B shear suppression.
Many theoretical studies of transport bifurcation have been
reported,2 but the high spatio-temporal resolution measure-
ments of both gradients and turbulence needed for a careful
study of these bifurcation phenomena are relatively difficult
to perform on large fusion devices. Thus, a complete detailed
experimental study of transport bifurcations has not been
reported. In particular, the role of turbulence generated flows
in internal barrier transitions has not been elucidated.

In recent experiments on the upgraded linear cylindrical
plasma device, Controlled Shear Decorrelation (CSDX-U),
we observed a transport bifurcation and related interesting
phenomena. These occur due to the variation of the axial
magnetic field Bz as a control parameter. In spite of the fact
that the experiments were carried out on a linear plasma

device, our results surprisingly show certain similarities to
tokamak experiments. A comparison between our study and
relevant tokamak results is given in Table I. As we increase
Bz above a threshold #1200 G, both the density and ion pres-
sure profiles significantly steepen, the Reynolds stress-driven
E" B flow shear sharply increases, and reductions in turbu-
lence and particle transport are observed.3 Thus, a transport
barrier is formed, which, in many ways, resembles Internal
Transport Barriers (ITBs). The work in Ref. 3 is focused on
the observation and physics for the up-gradient particle flux,
while this paper is focused on the formation of transport bar-
rier at critical value of magnetic field. Above the threshold,
the turbulence features change from pure drift wave (DW)
(below threshold) to a mix of drift wave and ion temperature
gradient (ITG). This change is reminiscent of the transition
from the Linear Ohmic Confinement (LOC) regime to
Saturated Ohmic Confinement (SOC) regime in tokamak
devices.4 It is believed that the LOC-SOC transition is
related to a local change in turbulence mode.5 Of particular

TABLE I. Correspondence between CSDX experiment results and confine-
ment experiment phenomena.

Confinement experiments CSDX experiments

E" B shear layer; Shear layer formation;

L-H transition particle transport bifurcation

LOC-SOC transition: DWs/ITG fluctuation coexistence;

changes in local turbulence changes in population with B0

Fueling physics: Steepening of n0;

inward pinch; density peaking localized up-gradient particle flux

Intrinsic rotation: Observed intrinsic axial flow

Residual stress physicsNote: Paper BI3 5, Bull. Am. Phys. Soc. 60, 26 (2015).
a)Invited speaker.
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interest is the fact that not only did we observe a reduction in
particle transport, but the formation of a spatially localized
region of up-gradient particle flux was also reported. In fact,
negative, inward particle flux has also been reported in vari-
ous experiments, during the application of an externally
forced E"B shear flow6 or during the L-H transition.7,8 Last
but not least, an intrinsic axial flow has been observed in
CSDX, which may help better understand the intrinsic rota-
tion related to residual stress physics.

The CSDX plasma is useful as a venue on which to
study regimes of scale compression. The range of scales in
the system is essential in formulating the physics model we
employ. The turbulence in the usual tokamak core has a
clear scale separation: a $ Ln > lmeso % lcorr > q, where a
denotes the plasma minor radius, Ln denotes the density
gradient scale length, lcorr denotes the turbulent correlation
length, q denotes the modified ion gyroradius associated
with drift turbulence, and lmeso denotes mesoscale struc-
tures, such as E" B shear layers or avalanches. Typically
in tokamaks, the normalized radius is q& ¼ q

a # 10'3. In the
edge transport barrier (ETB) regime found in H-mode, or in
the Scrape-Off Layer (SOL), the range of scales is more
compressed, so that a% Ln $ lcorr > q. Thus in these
regimes, q& ¼ q

Ln
# 0:1 and the mesoscale range effectively

vanishes. For these experiments on CSDX-U, the scaling is
a > Ln # lcorr $ q, where a¼ 10 cm, Ln # 3–4 cm, and
q# 1 cm. Thus for these experiments, q& ¼ q

Ln
# 0:3. It is

obvious that the standard core ordering is violated on
CSDX, but our experiments have a range of scales compa-
rable to ETB or SOL regimes (i.e., no clear mesoscale
range). This makes CSDX-U a promising testbed for
exploring drift-wave physics in compressed scale regimes.
This discussion is shown in Figure 1.

The remainder of the paper is organized as follows:
Sec. II gives a detailed description of the significant
changes in profiles and transport, as the magnetic field is
gradually increased above the threshold; Sec. III discusses
the experimental observations of particle transport bifurca-
tion and hysteresis in density gradient; Sec. IV shows a
study of locally inward turbulent particle flux related to the
transport bifurcation; Sec. V gives a summary and
discussion.

II. PROFILES AND TRANSPORT CHANGE FOR B $ BCr

CSDX is equipped with a 13.56 MHz, 5 kW 15 cm diam-
eter RF, radio frequency, helicon wave source using an
m¼ 1 helical antenna. The device is operated with insulating
end plates on both ends; this has been shown to eliminate ra-
dial currents flowing through endplates,9,10 and instead the
radial current is carried by ion polarization drifts or, equiva-
lently, the turbulent Reynolds stress11 as it occurs on closed
field line regions of confinement devices. A digitizer with up
to 96 channels sampling at 500 kHz and anti-aliasing filters
is used to record probe data. The resulting Nyquist frequency
is 250 kHz, well above the observed fluctuation frequency.
An RF matching circuit is adjusted such that less than 30 W
of power is observed to be reflected. Measurements of mean
plasma profiles, the fluctuating density, potential, and elec-
tric fields, along with the resulting turbulent particle flux, are
made by both an 18-tip Langmuir probe inserted radially in a
port located 1 m downstream from the source, and a 4-tip
Langmuir probe located 1.7 m downstream from the source.
Details about the layouts of the two probes can be found in
Refs. 12 and 13. In the absence of strong electron tempera-
ture fluctuations, the floating potential fluctuations are inter-
preted as plasma potential fluctuations. Similarly, the
measured ion saturation current fluctuations are interpreted
as density fluctuations. Both probe systems have yielded
similar experimental results for profiles, particle fluxes, and
Reynolds stresses. We also use a Phantom high speed camera
placed at the end of the machine to capture the motion of the
visible plasma light emission. The light intensity fluctuations
are considered to be proportional to the ion saturation current
and thus a proxy for density fluctuations.14,15 Detailed
description of the fast camera and optical layout can be
found in Ref. 16. As recently discussed in detail elsewhere,17

detailed statistical properties and dispersion relations can be
determined from the fast imaging data and can be related to
plasma instabilities thought to be operative in the experi-
ment. In addition, a laser induced fluorescence (LIF) method
has been employed to obtain radial profiles of the azimuthal
ion fluid velocity, parallel ion flow velocity, and ion temper-
ature. LIF measures the Doppler resolved velocity distribu-
tion functions (VDF) of argon ions, and the full width at half
maxima (FWHM) of the VDF represents the average ion

FIG. 1. Scaling comparison between
standard tokamak, tokamak transport
barrier regime, and CSDX.
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temperature of the distribution. The shift of the peak of the
distribution from a standard reference line gives the ion fluid
velocity. The detailed description of LIF setup on CSDX can
be found in Ref. 18.

Previous studies in CSDX19 have demonstrated a con-
trolled transition to a weakly turbulent state as the magnetic
field is increased from (B # 400 G) to (B # 1000 G). As the
magnetic field is further increased, a sharp potential gradient
at the edge introduces a very strong E"B shear-driven insta-
bility. At B # 1200 G (6100 G), a global transition to a
plasma state with centrally peaked narrow density profiles,
strong edge potential gradients, and a very pronounced
bright, visually well-defined plasma core occurs. Details
about this global transition can be found in Ref. 16. In these
experiments, we undertook a careful magnetic field scan
ðDB ¼ 30GÞ from 800 G to 1600 G. In this paper, we focus
most of our attention on two magnetic field conditions just
below and just above the threshold (B¼ 1200 G), in order to
elucidate the clear changes in profiles and fluctuations.
Figures 2(a) and 2(b) show the time-averaged electron den-
sity n0 measured by Langmuir probe and ion pressure
Pi ¼ n0Ti, respectively, where Ti was measured by LIF. A
significant steepening in both mean density and ion pressure
profiles has been observed at r# 3.5 cm. The radial scale
length of density (Ln ¼ jr ln nj'1Þ drops from 5 cm to 2 cm,
also indicating a transition occurs in the radial particle
transport.

The E" B drift velocity can be estimated by VEXB

¼ Vf luid ' Vd;i, where Vf luid is total fluid velocity obtained
from LIF measurements of the ion velocity distribution func-
tion, and Vd;i is the ion diamagnetic velocity calculated from
Vd;i ¼ r nTið Þ

enB . The resulting VEXB profile is shown in Figure
3(a). Below the transition threshold (B¼ 1100 G), the flow

shear is weak, while at 1300 G, a stronger velocity shear is
formed at r# 3.5 cm. The electron diamagnetic angular ve-
locity Xd;e, calculated from the experimentally measured
electron diamagnetic velocity as

Vd;e

r , is also a strong a func-
tion of radius, as seen in Figure 3(b). Note that as the mag-
netic field is increased above threshold, there is a rapid and
large variation in Xd;e.We show later that this rapid variation
is related (by quasilinear theory) to the formation of the local
negative particle flux. In order to show more robust evidence
of an increase in E" B shearing, we calculated the non-
dimensional shearing criterion jv0E"Bscj for 1100 G and
1300 G, as shown in Figure 3(c). Here, sc denotes the turbu-
lent fluctuation correlation time computed from fast camera
imaging data. We can see that the shearing criterion
increases more than doubles as the B field changes from
1100 G to 1300 G, and begins to exceed unity. The E" B
flow shearing scale length Lv, calculated to be
Lv ¼ jrlnðvE"BÞj'1, decreases from 3.4 cm to 1.1 cm when
we increase B field from 1100 G to 1300 G. The radial corre-
lation length Drc is #1.3 cm at 1300 G. Thus, we find that
the two length scales become comparable at 1300 G, in a re-
gime of strong shear. The turbulent density and floating
potential rms-amplitudes are also markedly reduced as B is
increased above the threshold value, as shown in Figure 4.

FIG. 2. Radial profiles of (a) mean density n0, (b) mean ion pressure Pi for
two different magnetic fields lying just below (1100 G) and just above
(1300 G) the threshold for transport barrier formation.

FIG. 3. Radial profile of (a) E" B drift velocity calculated from VEXB

¼ Vfluid ' Vd;i, (b) electron diamagnetic drift angular velocity, and (c)
shearing criterion jV0E"Bscj. The E" B shearing rate and diamagnetic angu-
lar velocity both increase significantly when the magnetic field exceeds the
critical value.
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Figure 5 shows the radial profiles of the axial flow
velocities Vz measured by the LIF for three magnetic fields.
In the parallel direction, the Vz profiles show that the inner
plasma flows away from the source toward the pump end of
the machine. The central axial velocity is increasing as we
increase the magnetic field above the threshold 1200 G, and
there is a parallel flow shear that develops at B > 1200G.

III. IS THERE A TRANSPORT BIFURCATION?

The steepening of the density and ion pressure profiles,
the formation of a strong E" B flow shear, and the reduction

in turbulence all occur at a critical value of magnetic field,
BCr # 1200 G. These phenomena resemble those that are
encountered in the development of transport barriers in toroi-
dal confinement devices.20,21 To further explore this similar-
ity, as shown in Figure 6, we plot the dependence of
turbulence particle flux on the absolute value of density gra-
dient. The data were taken by increasing B field every 30 G
(the minimum increment we could achieve), at fixed radius
r¼ 3.5 cm (this is the region where the density gradient gets
steepened, and strong E" B flow shear is located). Below
threshold, we saw relatively linear dependence, for which a
reduction in the local turbulent particle flux correlates with
an increase in local density gradient (shown in red solid
squares). As the B field went above threshold, a jump in the
dependence occurs, and both of the local turbulent particle
flux and density gradient change, by as much as 40%. This
discontinuity, shown in Figure 6, suggests a transport bifur-
cation occurs.

Detailed observations of the density gradient evolution
with changing magnetic field confirm the transport bifurca-
tion. Figure 7 shows the forward/backward transitions with
the variation of the magnetic field, plotted in blue and red
curves, respectively. The density gradient evolves smoothly
as we increase the magnetic field approaching the threshold.
A sudden increase of density gradient occurs just above the
threshold, and the density gradient again smoothly evolves
with magnetic field. When the magnetic field is then
decreased from high values, the gradient evolution initially
retraces the behavior found during the increasing B field
scan. However, the collapse of the density gradient does not
occur until the magnetic field is well below the critical value
found for the forward transition. Therefore, a clear hysteresis
loop in the evolution of the density gradient versus magnetic
field is observed. Experiments also indicate that the loop
area is proportional to the RF heating power. Detailed stud-
ies of the relationship between the input power and hystere-
sis loop will be reported in a future work.

In a spontaneously self-organized system, sheared E" B
flows are generated from rn-driven DW turbulence via
turbulent Reynolds stress ~Vr

~Vh, as has been shown by theory,

FIG. 4. Radial profiles of the standard deviations of (a) floating potential
and (b) density. The floating potential has been normalized by the electron
temperature Te (4 eV)and the density by the equilibrium density n0, both
evaluated locally at 3.5 cm. A marked decrease in turbulent fluctuation am-
plitude occurs when the magnetic field is increased above the critical value.

FIG. 5. Radial profile of parallel flow velocity measured by LIF for
B¼ 1200 G, 1300 G, and 1400 G.

FIG. 6. Dependence of the particle flux on the value of density gradient dur-
ing a magnetic field scan from 800 G to 1600 G. Data are taken at r¼ 3.5 cm.
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simulations, and experiments.22,23 The rate of Reynolds
work, defined as the turbulence-driven Reynolds force times
the E" B flow velocity PRe ¼ ' @ ~V r ~V h

@r VE"B, provides a mea-
sure of the power transferred from the turbulence to the E"
B flow. The blue curve in Figure 8 shows the radially inte-
grated Reynolds work,

Ð a
0 rPRedr which denotes the total

work done by the turbulence on the flow over the entire
plasma cross-section. The red curve shows the normalized
density gradient 1=Ln. Here, we show results for B¼ 1100,
1200, 1300, and 1400 G. Above 1200 G, we find a sharp
increase in the total Reynolds work that is correlated with the
significant steepening of the density gradient. The increased
Reynolds work can lead to an increased shear flow, which in
turn can react back on the turbulence to reduce the transport.

We find that a mode propagating in the ion diamagnetic
direction is excited above the threshold BCr using the density
and ion pressure profiles as shown in Figure 2. We hypothe-
size this ion feature is ion temperature gradient (ITG) mode.
This conjecture is supported by observations of the plasma
density fluctuations as measured by changes in the Ar I

visible light emission at 1000 G and 1400 G.34 Figure 9(a)
shows that at 1000 G, the electron drift wave fluctuation
features are dominant over the whole plasma cross-section,
propagating in the electron diamagnetic drift (EDD)

direction. As we increase the B field to 1400 G when the ion
pressure profile steepens, a fluctuation feature propagating in
the ion diamagnetic drift direction (IDD) appears in the
r< 2 cm region with relatively large azimuthal mode number
(m# 10) [shown in Fig. 9(b)]. To investigate this phenom-
enon, we applied a spatial Fourier transform to the imaging
data at a fixed radius to obtain the conditional wavenumber-

frequency spectra Ŝ kh; fð Þ ¼ Sðkh; f ÞP
kh

Sðkh;f Þ
. Here Ŝðkh; f Þ

denotes the measured azimuthal mode number-frequency
dispersion relation. The azimuthal mode number m is then
estimated according to the expression m ¼ khr. The results
are shown in Figure 10, which gives the measured dispersion
relation for light intensity fluctuations at r¼ 3 cm for 1000 G
(a) and 1400 G (b). A drift-wave like dispersion relation is
observable at 1000 G. This result is similar to the previous
DW-ZF study on CSDX.24 However, at 1400 G, we observe
the spectra developed in ion mode region along with the
usual DW turbulence. Note that even though the ion feature
appears above threshold, the primary turbulence is still DW
turbulence.

These changes in turbulence also result in a significant
change in global particle balance that would be expected to
accompany steepened plasma radial profiles. CSDX is an
open plasma device into which we radially inject argon gas
at a constant flow rate of 25 sccm. The particle loss is due to
turbulent radial transport, classical cross-field (radial) trans-
port, and end loss. The time scale for particle loss s is esti-
mated from the ratio of the integrated flux through the
corresponding surface areas and the total number of particles
within the volume. To get the total number of particles in
our system, we took n0ðrÞ and did a volume integral over
length of CSDX (#300 cm) and radius of 4 cm. To estimate
the integrated parallel particle flux, we integrated the mean
parallel flux n0ðrÞVkðrÞ over the surface area at the end of
the machine, for radius¼ 4 cm. To get the surface integrated
radial flux, we used the turbulent particle flux that is meas-
ured from the probes and do a surface integral over the
curved surface of the cylinder at r¼ 4 cm and the length of
CSDX. We also compared to the classical transport rate by
Braginski.25 The results are shown in Table II below. We see
that, for B<BCr, the particle losses are dominated by the ra-
dial transport caused by turbulence. When B>BCr , the radial
turbulent transport is drastically reduced, and particle losses
are now due to a combination of parallel transport and classi-
cal cross-field (i.e., collisional) transport. As a result, a steep-
ening of the radial plasma density will naturally occur. This
will, in turn, lead to an increase in collisional heating of the
ion fluid, which will result in higher central ion temperatures.
As a result, we see the steepening of both density and ion
temperature in the experiment [Fig. 2]. If the Ti gradient
becomes strong enough, this then sets up the conditions for
the onset of an ITG mode26,27 that will coexist with the colli-
sional drift waves, which will regulate rTi. We conjecture
that this scenario is what explains the appearance of the ion
feature, discussed above.

Figure 11 presents a flowchart that shows the main
elements involved in the formation of a transport barrier,
namely, finite Reynolds work, sheared E" B flow, and their

FIG. 7. Hysteresis in $n is observed to occur as a function of variation of
magnetic field.

FIG. 8. Total Reynolds work and normalized density gradient 1=Ln versus
B field. The Reynolds work increases markedly at the same value of B for
which the density gradient steepens.
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impact on turbulence, transport, and the resulting profiles.
This provides a summary of the observations. The process of
transport barrier formation is initiated when we gradually
increase the magnetic field above a threshold #1200 G,
which results in a global transition, signified by a sudden
increase in density and ion pressure gradients. The increasing
turbulent Reynolds stress leads to a strong E"B flow shear.
As a result of the resulting strong shear, a reduction in both
turbulence and particle transport occurs. Since turbulent
cross-field transport is, initially, the dominant transport
mechanism, its reduction leads to the formation of a steep-
ened density gradient.

IV. STUDY OF LOCALLY INWARD TURBULENT
PARTICLE FLUX

In addition to a self-sustained axial flow absent momen-
tum input [Fig. 5] and the co-existence of ion and electron

features [Fig. 10], another interesting phenomenon that
occurs above threshold BCr is the locally inward turbulent
particle flux.3 We notice that the region of locally inward
particle flux is comparable to radial turbulence correlation
length scale #1 cm. Thus, while we tried to interpret this
phenomenon by using quasilinear approaches, we note here
that caution is required in applying such methods to a state
where the requisite scale separation is not realized. In Figure
6, we can see that this locally inward particle flux correlates
with the transport bifurcation. We undertook different theo-
retical approaches to explain the locally inward flux. For
rn-driven resistive drift turbulence, the sign of turbulent
particle flux Cn is determined by the competition between
the local value of xd;eðrÞ and xr,

28 where xd;e ¼ kyvd;e ¼
Xd;em is the local diamagnetic frequency, and xr is the
eigenfrequency of the global drift-wave mode (not the mode
growth rate).29 In our experiments, the angular frequency
Xd;e varies in radius, shown in Figure 3(b), resulting in a xd;e

FIG. 9. Fluctuation feature observed
from light emission of neutral argon
emission (Ar I). (a) B¼ 1000 G and (b)
B¼ 1400 G.

FIG. 10. Conditional spectra of light
intensity fluctuation Ŝðm; f Þ at
r¼ 3 cm for (a) B¼ 1000 G and (b)
B¼ 1400 G.

TABLE II. Comparison of particle loss due to radial turbulent transport, par-

allel transport, and classic transport for the conditions that B is below and
above threshold.

ðs'1Þ
B(G) 1=s? 1=sk 1=sclassic

1000 714 65 22

1300 35 106 28 FIG. 11. Partial summary of transport bifurcation and hysteresis-related
observations.
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variation as a function of radius. Because the radius is not so
large compared the fluctuation radial scale length, and also
due to the lack of magnetic shear, the drift eigenmodes tend
to fill the entire plasma cross-section (i.e., they are “global
modes”) even while xd;eðrÞ varies rapidly. In Figure. 12, we
plot xd;eðrÞ from experiment measurement and xr obtained
from a linear instability calculation. For B¼ 1000 G (below
threshold), xr is less than xd;e at all radii, where Cn is posi-
tive, indicating outward particle transport. In contrast, for
B¼ 1300 G, the rapid and large variation in xd;e leads to a
drop below xr in a limited spatial region, which results in a
quasilinear locally inward particle flux. And for cases where
there is a local net inward flux, the radially integrated parti-
cle flux is always outward, which is consistent with rn-
driven resistive drift turbulence. The condition and location
where the local inward particle flux appears in a quasilinear
theory calculation is similar to where it appears in the meas-
ured particle flux.3 The physics origin of the sharp variation
in xd;e is not well understood. We conjecture it is due to the
strong E" B shear, which is radially co-located. More gen-
erally, it is not clear that how a drift wave-driven system can
configure itself to drive a locally up-gradient flux by a global
density relaxation.

We also examined other possible candidates for causing
the inward particle flux. Based on a simple Hasegawa-
Wakatani model with both a turbulent-stress driven flow
shear and a background density gradient, both axially sym-
metric (kk¼ 0) and non-axially symmetric (kk 6¼ 0) shear
flow instabilities can be driven (kk is the axial mode num-
ber).28 By using our experimental profiles in a quasilinear
expression for the local particle flux, we find that the particle
transport driven by standard KH modes (kk¼ 0) is always
outward. Drift-KH mode can drive a pinch, but this inward
particle pinch is not sufficient to locally overcome the
relaxation-driven diffusive outward flux. We also considered
an ion-mixing mode-driven pinch. Coppi and Spight have
worked out that the ITG modes along with non-adiabatic
electron response can produce a particle pinch. This is the
ion-mixing mode (IMM) mechanism.30 Due to the observa-
tion of a steepening in density gradient, along with a peaking
in ion temperature [Fig. 2], another possible candidate for
explaining the inward particle flux is IMM mechanism. But
for the IMM to drive a net inward particle flux requires that
the electron temperature gradient should exceed a threshold

of ge > 2=3. However, the measurement for Te shows that in
the region where we observed a net inward particle flux, the
rTe# 0. Thus, the criterion for IMM-driven inward particle
flux is not satisfied. Finally, Kosuga et al.31 have proposed
that the parallel shear flow instability (PSFI) with non-
adiabatic electrons may drive inward flux. This mechanism
is similar to the IMM. However, simple estimates indicate
that CSDX axial flows are far below threshold for the PSFI,
so this mechanism is not viable here.

V. DISCUSSION AND CONCLUSIONS

In this paper, we have showed that particle transport
bifurcation and hysteresis occur spontaneously above a
threshold BCr in a linear plasma system. These are seen to be
correlated with the following observations: steepening of
density and ion pressure gradients, reinforced E" B shear-
ing, and reduction in turbulence and particle transport,
increased Reynolds work, and changes in turbulence from
DWs to a mix of DWs and ITGs. Also, a localized regime of
inward particle flux occurs above threshold too. Figure 13
presents a flowchart containing two feedback loops that pro-
vides a qualitative summary of the changes we observe in
the self-organization of the drift-wave turbulence. The loop
that contains red boxes shows the process related to the for-
mation of transport bifurcation, as shown in Figure 11. The
blue boxes denote the feedback of the profile evolution on
the underlying instability, the quasilinear particle flux, and
the development of a locally inward particle flux, which acts
to further modulate the background gradients. The locally
steepened density gradient gives rise to a rapid variation in
Xd;e at r# 2–3 cm. When the local value Xd;e drops below

FIG. 12. Comparison between local
diamagnetic frequency xd;e and drift
wave frequency xr for B¼ 1000 G (a)
and 1300 G (b).

FIG. 13. Flowchart of spontaneous profile self-organization in drift-wave
turbulence.
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xr=m, an localized inward particle flux appears that leads to
further steepening of the density gradient. Increased central
plasma density leads to increased collisional ion heating,
which results in a steepening in ion pressure that leads to the
onset of ITG fluctuations, consistent with the ion feature
seen from fast camera.

Several questions remain. First of all, what are the trig-
ger mechanism and criterion for transition? It is a puzzle that
all of the interesting physics phenomena appear above the
threshold 1200 G. What is the dimensionless physics param-
eter which underlies this value of Bz? In a spontaneous real-
ization of DW-ZF system, the competition between
turbulence-driven transport and shear flow is thought to play
an essential role; that is, the energy released from density
gradient and the energy transferred into flow compete. Does
this set the critical B? Second, what is the underlying physics
for the transport bifurcation? The most likely candidate is
the turbulent Reynolds stress-driven flow. We saw in Figure
8 that the sharp increase in density gradient is correlated
with a sharp increase in the Reynolds work. And the correla-
tion between Reynolds-stress driven flow shearing rate and
inward particle flux given in Ref. 3 shows that a transient
increase in the local azimuthal shearing rate leads the subse-
quent increase in the up-gradient particle flux. It is therefore
reasonable to expect that an increase in the Reynolds stress
may lead an increase in the density gradient. However, time-
evolution experiments on the forward/back transition are
needed in order to probe the trigger mechanism and criterion
for transition. Note that the physics of the flow in CSDX is
fundamentally different from the core of a tokamak since, on
the one hand, there is no scale-invariant drag (viscosity only
acts as damping), but, on the other hand, the absence of mag-
netic shear enables onset of shear flow instability. Finally, it
is interesting to note what aspects of this story are new to
CSDX and are not only revisitations of phenomena well
known from tokamak ITB experiments. This includes: (i) the
observation of a peaked profiles, strong shear state achieved
with edge fueling and no additional heating. We do note that
the IOC (Improved Ohmic Confinement) state of ASDEX32

and the PITB (Particle ITB) state of HL-2A33 have same fea-
tures in common with the result reported here: (ii) the clear-
est and well-demonstrated hysteresis loop related to the
transition; (iii) the measurements of core plasma Reynolds
stresses and the demonstration of the link between the fluctu-
ation Reynolds work and the barrier transition; (iv) the clear
observation of electron and ion feature co-existence in the
core plasma, as rTi steepens. Further comparisons and con-
trasts with tokamaks will be reported in the future.
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