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31 Abstract

32 : :

33 Enhanced particle transport events are discovered and analyzed as the
34 . .. .

35 density limit of the J-TEXT tokamak is approached. Edge shear layer
36 : .

37 collapse 1s observed and the ratio of Reynolds power to turbulence
38 : : :

39 production decreases. Simultaneously, the divergence of turbulence
40 : . : : T

41 internal energy flux (i.e. turbulence spreading) increases, indicating that
42 : : :

43 shear layer collapse triggers an outward spreading event. Studies of
44 . . .
45 correlations show that the enhanced particle transport events are quasi-
46 : . : : . o
47 coherent, and manifested primarily in density fluctuations which exhibit
48 . : .. .

49 positive skewness. Electron adiabaticity emerges as the critical parameter
50 D :

51 which signals transport event onset. For @ < 0.35 as density approaches
52 . : : .

53 the Greenwald density, both turbulence spreading and density fluctuations
54 . . . .

55 rise rapidly. Taken together, these results elucidate the connections between
56 : . :

57 edge shear layer, density fluctuations, particle transport events, turbulence
58 . . T

59 spreading and plasma edge cooling as the density limit is approached.
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1. Introduction

High plasma density is favorable for fusion reactors, as fusion power
is proportional to the square of plasma density. High density operation is
considered as the baseline scenario for ITER!!Y and DEMO?!. However, the
density limit imposes constraints on the maximum attainable density for
current-generation tokamak operations®®. The Greenwald empirical scaling
shows that, the maximum central line-averaged density scales with plasma
total current!¥, i.e. n;(102°m™3) = I,(MA)/ma®(m?).

There 1s a general agreement that the tokamak density limit is

associated with progressive cooling of the plasma edge, leading to current

shrinking and MHD instability, and ultimately disruption of the discharge!®.

A variety of mechanisms may cause edge cooling approaching the density
limit, such as neutral effects, impurity radiation and plasma transport®71.
The decrease of the scrape-off layer transparency to neutrals, which
1s mainly due to charge exchange, lead to reduced fueling efficiency near
the density limit on Frascati Tokamak Upgrade®. However, pellet fuelled
discharges with peaked density profile manifested a limiting density to be
1.5-2 times the limit of those fuelled by gas puffing on Alcator CP!, JT-6001,
ASDEX!9 TFTRUY, DII-DU?! and JET!3). This suggests that fuelling
itself is not responsible for the density limit described by ng;. In the

impurity radiation model, the density limit is considered to occur when the
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radiation power exceeds the input power. This is not an entirely satisfactory
explanation of some important observations, such as the frequent
observation of radiation saturation at high density plasma, and the
independence of attainable density on heating power and impurity content
for discharges with Z,;r <2.5 1% 15,

The Greenwald limit is found to be closely associated with increased
particle transport and particle confinement degration. The density
relaxation time after pellet injection (a dynamic measure of particle
confinement) decreases dramatically at 71~n; on Alcator CPl. Increases
in particle transport along with enhanced density fluctuations occurred in
advance of MHD and radiation activity before density limit disruption on
TEXT!¢. Similar phenomena were also obseverd in the experimental
results in Alcator C-Mod!!”). Indeed, rapid transport events were found to
restore the plasma to the limiting density without MHD activity of
disruption, suggesting that particle transport is fundamental to the density
limit phenomennology!*. The key questions then are (i) what triggers such
enhanced transport and (i1) what is the physics of the transport events.

Regarding question (i) above, edge fluctuation studies have linked
such enhanced particle transport near the density limit to the collapse of

18]

the edge shear layer!!®], Note such edge shear layers are universal to

19-25

tokamaks and stellarators!!*->’]. Equivalently, long-range correlations—

which are thought to be indicative of zonal flows—are observed to
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decrease rapidly at high density in the TEXTOR tokamak and the TJ-II
stellarator®®. For increasing collisionality leading to lower electron
adiabaticity (i.e. lower «), the coupling between density and potential
decreases, thus hindering the zonal flow drive, as shown on the TJ-K
stellarator®. Electron adiabaticity parameter @ = k{vg,./Ve;w, where
k is the parallel wavenumber, v, . is the electron thermal speed, v,; is
the electron-ion collision rate, and w is the dominant frequency of
turbulence. As the plasma response passes from adiabatic (a > 1) to
hydrodynamic (a¢ < 1), the Reynolds stress drive of the edge shear layer is

18,28,29] For the adiabatic regime,

reduced, and the particle flux is enhanced!
potential fluctuations and density fluctuations are closely coupled, and the
plasma response is like that of a drift wave (7i~@). For the hydrodynamic
regime, potential fluctuations and density fluctuations are not simply
proportional, and the plasma response is more like that of a convective cell.
Previous theoretical work demonstrated a reduction in zonal flow
production will occur when adiabaticity drops below unity!®!. Recent
theoretical work indicates that the limiting edge density for shear layer
collapse is predicted to scale with I,, due to neoclassical screening of

zonal flow,

We note here that other theoretical approaches have
proposed a transition from drift wave to resistive ballooning mode

turbulence as adiabaticity drops below unity as the origin of the enhanced

particle transport at the density limit?*!l. Note, however, that the distinction
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between “drift resistive ballooning mode” and “hydrodynamic collisional
drift waves” is rather subtle and that discrimination is beyond the capability
of the experiments of this paper. Also, the models proposed in B!l do not
address shear layer collapse or its relation to the change in the state of the
turbulence. As this is a primary focus of our paper, we do not discuss these
alternative models further.

In this paper, we elucidate the physics of enhanced particle transport
events as the density limit of the J-TEXT tokamak is approached. A
reduction in the ratio of Reynolds power density to fluctuation power
production as n = n; indicates that, the collapse of the shear layer is a
consequence of reduced efficiency of zonal flow drive. Turbulence
spreading was observed to occur and increase as the shear layer collapses,
and the measurements suggest that the Reynolds power ultimately is
channeled to turbulence spreading. Studies show that the transport event is
quasi-coherent, with positively skewed density fluctuations, and
manifested primarily as density structures. Electron adiabaticity emerges
as the key parameter which signals the onset of particle transport events.

The remainder of this paper is organized as follows. Section 2
introduces the experimental set up. Section 3 presents the edge shear layer
and turbulent particle flux measurements as 17 — ng. Section 4 reports the
kinetic and internal energy evolution. Section 5 reports the spreading

dynamics of low-frequency density fluctuation events. Section 6 shows the
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emergence of adiabaticity as a key parameter as 1 — ng;. Section 7

presents conclusions.

2. Experimental set up

The experimental studies were conducted on the J-TEXT tokamak[**
351 with a limiter configuration. The major radius is 1.05m and the minor
radius is 0.255m. The experiments were performed in Ohmic hydrogen
discharges. The toroidal magnetic field B; is ~ 1.6 / 1.9 /22 T . The
plasma current I, is ~ 130/ 150/ 190 KA, respectively. The edge safety
factor q, i1s ~ 3.8. The central line-averaged density n is (2.0-
5.3) X 10 m~3. These discharges were carried out in one day, and the
shot numbers ranged from 1070961 to 1071002. The maximum achievable
density on J-TEXT is ~ 0.7 n,. Here, n; varies over ~6.4 / 7.3 /
9.3x 10" m™ for I, ~130/150/190KA respectively.

A specially designed reciprocating Langmuir probe array on the top
port (13#) of the J-TEXT tokamak was used to perform the main
experimental measurements. This is shown in Figure 1. The measurement
coverage of this Langmuir probeis r = 24-28 cm, and its relative position
to LCFSis r —ricps = [-1.5,2.5] em. The cylindrical probe tips are 2mm
long with a diameter of 2mm. The separation between two adjacent tips is
~10 mm in the poloidal direction, ~2.5 mm in the radial direction, and ~5
mm in the toroidal direction, i.e. dg =10 mm, d, =2.5mm, d, =

5mm. Tip 9 and tip 10 compose one double probe. Tip 1 and tip 2 compose

6
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another double probe. A large and constant DC bias voltage (Ug~260 V) is
applied between the two tips (i.e. negative tip and positive tip) of each
double probe. The negative tip works in the ion saturation current regime.
Thus, the current flow through the shunt resistor (Rg) in the circuit of
double probe is ion saturation current, i.e. I, = (V. —V,)/R,. Here, the
potential on the upstream side of R is named V_. The potential on the
downstream side of R is named V.. All the other tips are for floating
potential measurements. Tip 8, 9, 10 compose a triple probe, which allows
instantaneous measurements of electron temperature and electron density
without voltage sweep® 371,

By using this probe, electron temperature T,, plasma potential ¢,
electron density n, plasma E X B velocity, turbulent particle flux,
turbulence intensity flux and turbulent Reynolds stress can be measured at
the same time. The standard triple probe method was demonstrated to
significantly overestimate electron temperature fluctuations at the edge of
JET plasmal®®]. Electron temperature fluctuations are in general difficult to
measure and thus often neglected?!!. In our calculation, electron
temperature fluctuations are ignored and therefore density and plasma

potential fluctuations are inferred by the ion saturation current and floating

potential fluctuations, respectively.
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Figure 1. (a) Schematic top view of J-TEXT tokamak; (b) A reciprocating
Langmuir probe array on the top port (13#) for the main experimental

measurements

Electron temperature is inferred by T, = (V, 19 — V¢ g)/In 2. Plasma
potential is inferred by ¢, =Vrg + 2.4T,. The E X B poloidal flow
velocity is calculated as vy gyp = V¢, /B;, which can be obtained from
the radial profile measurement of ¢, by the reciprocation of probe. Ion
saturation current on the top step of probe array is inferred by I, =
(V-9 — V4 10)/Rs. lon saturation current on the bottom step of probe array
is inferred by I, = (V-1 —V,,)/Rs. Electron density is inferred by
Ne = I5q:/(0.61eA.¢Cs), where Cs is ion sound speed and A.sf is the
effective current collection area. The density fluctuation level is

approximatively proportional to the ion saturation current fluctuation level
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in tokamak edge plasmas, i.e. Iyg¢/{lsqe) ~ fle/(n,). Here, {-) indicates a
time average. With neglect of electron temperature fluctuations, the
fluctuating radial velocity is inferred by the measured poloidal floating
potential difference, 7, = _VQVf /B¢. Similarly, the fluctuating poloidal
velocity is inferred by the measured radial floating potential difference,
g = VTVf/Bt. The Reynolds stress (7,7y) is computed as ((Vf,S —
Vf,6)(17f,4 — Vf’8)>/ (2dgd,B?) . The turbulent particle flux (fif,) is
computed as (fsat(ij — Vf,g))(ne)/(ngt(Isat)) . The turbulence
intensity flux (fi%%,) is calculated as (IZ,(V;; — Vrg)Nne)?/
(dgBi(Isqr)?) B%. All probe data was sampled at 2 MHz. A digital
bandpass filter was applied to the data to obtain the fluctuations with a
frequency range of 2-100 kHz. This filter is a zero-phase FIR filter with
Hanning window. The filtering order 1s 2000.

Note that tips 1-6 of the probe array are shadowed in the toroidal
direction by the probe skeleton. These measurements might be influenced
by the shadowing effect and the toroidal flow change. Based on Langmuir

36, 40, 41

probe principles! 1 the relation between the collected upstream and

downstream ion saturation current can be written as Iy 4 =
I, exp(—M,/0.6) . M, =v;/Cs is the toroidal Mach number. For

shadowed  floating  potential, ®f shadowed = Pfunshadowea (1 +

kT./e 2

In

¢ _My
f.unshadowed 1+exp 06

) . For shadowed ion saturation current,

Isi,shadowed = Isi,unshadowed(l + exp(—M"/0.6))‘1 . Unfortunatel}’a the

9
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local measurement of M, is not available in our experiments. Instead, we
use Carbon V (CV) toroidal flow and ion temperature measurements from
an ultraviolet spectrometer on J-TEXT!*? to make a rough estimation of
this effect. It shows that the CV toroidal velocity is ~ -10 km/s (counter-
current direction) at r~20 cm and nearly doesn’t change as density
increases from 0.32n; to 0.63n;. The M of CV decreases from about

-0.1 to -0.2 due to the decrease of temperature with the assumption of

T;~T, . For MII ~ [-0.2, -0.1], ¢f,shadowedE(pf,unshadowed(l‘l'
kT./e

p [-0.18, -0.09]). From probe measurements at the edge,
f,unshadowed

(kT./e)/bfunshadowea 18 ~ -0.5. Thus, the shadowed floating potential
can be (approximately) regarded as equal to the unshadowed floating
potential within a deviation level of ~ 10%. Meanwhile, Ig; spagowea =
I; unshadoweal0.41, 0.46]. The shadowed ion saturation current is ~ 0.41-
0.46 times smaller than the unshadowed 1on saturation current. Note that
this coefficient changes about 10% (i.e. from 0.46 to 0.41) as density
increases from 0.32n; to 0.63n.. Since the shadowed ion saturation
current is only used to calculate the correlation and coherence between two
I, (in Section 5), the underestimated magnitude of ion saturation current
1s not expected to have a notable impact on the basic trend of the results

for correlation and coherence.

3. Edge shear layer and turbulent particle flux

Figure 2(a-c) show radial profile evolutions of electron temperature,

10
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electron density and plasma potential respectively as the density
approaches the Greenwald density. The black/blue/green/red curve
represents the discharge with the central line-averaged density of
0.32/0.45/0.59/0.63 n, respectively. As n increases, edge temperature
decreases, edge density increases at first but then saturates, and plasma
potential decreases.

Benchmark with measurements from other diagnostics is helpful to
make the results more convincing. Due to the different measurement
locations and methods, the measurement results from Langmuir probe and
other diagnostics are difficult to be compared quantitatively. Only
qualitative comparisons can be made. Figure3(a) shows the evolution of
electron density profile obtained by a far-infrared (FIR) polarimeter-
interferometer (POLARIS) system ) at a line-averaged density of
0.32/0.45/0.59/0.63 n;. Here, negative r represents low-field-side, and
positive r represents high-field-side. It shows that the edge density
increases at first but then saturates as n increases. The density change
trend measured by this POLARIS is consistent with the probe measurement,
and the edge density value is also very close (~1.0 X 101°m™3). Figure 3(b)
shows the evolution of CV ion temperature profile obtained by a ultraviolet
spectrometer*?, Due to the fiber set up of this spectrometer, only three
channels are available during our experiments. It shows that the edge CV

ion temperature at r~20 cm decreases as 7 increases. This is consistent

11
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AUTHOR SUBMITTED MANUSCRIPT - NF-104958.R1

Langmuir probe.

An edge shear layer indicated by the E X B poloidal shear flow was
found to exist in the edge region inside the LCFS (r =25.5cm), as shown
by Figure 2(d). As n approaches ng, both the edge poloidal flow velocity
and its radial shearing rate decrease dramatically. The turbulent Reynolds

stress decreases while the turbulent particle flux grows, as shown in Figure

2(e) and Figure 2(f) respectively.

Lt

b~

8]

e

=,
Ay

Figure 2. (a) Electron temperature, (b) electron density; (c) plasma
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potential; (d) E X B poloidal velocity, (e) Reynolds stress, and (f)
particle flux at a line-averaged density of 0.32/0.45/0.59/0.63 ng

oNOYTULT D WN =

9 density (FIR POLARIS)

Te

22 (b) v
23 300 e 045n
a
[

25 ~ 200f 4

27 100 H

30 16 18 20 22
31 7 (em)

34 Figure 3. The radial profile of (a) electron density from FIR POLARIS;
and (b) ion temperature of CV from ultraviolet spectrometer at a line-

39 averaged density of 0.32/0.45/0.59/0.63 ng

43 Figure 4 shows the joint probability distribution function (joint PDF)
45 of normalized radial velocity fluctuations and poloidal velocity
48 fluctuations in the Reynolds stress. The joint PDF for density of 0.32 ng
tilts more to the first and third quadrants (tilting degree ~45°) than for
53 0.63 n; (tilting degree ~15°). This indicates a decrease of symmetry
56 breaking in the spectra of turbulence as line-averaged density increases

58 from 0.32n; to 0.63n;. Reduced symmetry breaking leads to

13
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decreased turbulence drive for edge poloidal flow. This is consistent with
experimental results from the HL-2A tokamak!**!, where the decreased
spectral symmetry breaking in drift wave turbulence is in good agreement

with the decreased poloidal flow and its torque in L mode discharges.

0.32 ng x 107

Vg/ o (Vg)

Figure 4. The joint PDF of normalized radial velocity fluctuations and
normalized poloidal velocity fluctuations at a line-averaged density of (a)

0.32 ng: (b) 0.63 ng

4. Kinetic and internal energy evolution

A model framework is necessary in order to analyze the turbulence
energetics as 71 approaches ng. Following previous work?* 3 we use
g[45, 461

the Hasegawa-Wakatani (H-W) system for collisional drift wave

This system is appropriate for density gradient driven turbulence in a

14
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collisional plasma, as at the edge of J-TEXT. The H-W system is
fundamental and generic, and has a basic structure in common with other
related reduced fluid models. Moreover, the model is used only to identify
key power transfer terms, such as production power P;, Reynolds power
Py and spreading power Ps. The analysis of the experimental data does
not in any way depend upon evolving or solving the equations.

The basic equations are (1a) and (1b) for normalized 7 and ¢ (i.e.
fi/n, and e /T):

0 - T ~ 0 1 7 n
(E + U - V) psVig = = —pi(Vid) — xVipi(¢—7) +

uvipZvie (1)
a ~ - ~ ~ a rs ~ ~
S+ Vg Vil =~ a—r(n) — )(”Vﬁ(qb — n) + D, V3#i (1b)

Here, x; = kﬁvtzhe /ve with k; = 1/Rq. For mean (i.e. poloidally
and toroidally averaged) quantities:

= p2(VEP) = — = (5,p2VEP) + uV2pZ (Vi) (1c)

a(n) =— a_rw’”ﬁ) + Dy oV7(n) (1d)

From Eqn. (1c) and (1d), the equations for the evolution of mean
internal energy and mean kinetic energy follow directly. For mean internal
energy (E;):

2B = 2 xS = [ a2, 2 — 2D, (22) ] 2)

Here, the first term on the right-hand side (RHS) accounts for transfer
of energy from the source V(n) to fluctuations, i.e. the term is negative

for production of turbulence energy. The second term accounts for

15
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diffusive dissipation. Endpoint contributions are ignored. Thus, from
consideration of mean-fluctuation energy conservation, we have the net

power density for production of fluctuations as:

Ay 1o

P, = —c? (¥
1 S(Tnonoa_r.

3)
Note P; > 0 for a down gradient power, as for drift instability.

(U.71) is turbulent particle flux. Here, normalizations are explicit, for

clarity. Likewise, for mean kinetic energy (Eg):

2 (B == [ EE(7,¢) dx = [ dPxl(wg) (5,76) — “E% (V2g)’]
4)
Here, the first term on the RHS is net Reynolds power associated with
the transfer of energy from the turbulence to the mean (i.e. zonal) flow.
(U, Ug) is the turbulent Reynolds stress and ¥ is supposed to be the
E X B velocity. A positive first term means the zonal flow gains energy
from the turbulence. The second term is simple viscous dissipation. Again,
from consideration of mean-fluctuation energy conservation, we have the
net power density for transfer from the turbulence to the zonal flow Py,
1.e. Reynolds power:
Px = (Ur Vg N vE)' )
Thus, we see that the ratio P /P; is a natural measure of the fraction
of fluctuation power transferred to the zonal flow relative to fluctuation
power produced by V(n) relaxation. Then, a decrease in Py/P;

indicates a relative decline in the efficiency of zonal flow drive. Here,

16
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Px _ (pg)dr(ve)
Pr —cEB)dn(n)/(n)? (6)

oNOYTULT D WN =

—e—032n, (a)
9 — 49— 045 Ng
10 101 4 oson, (10°m2 %)
—+— 063n,

12
13 5

14

15 0

16 201 (10" m% 5% (b)

-10

3t (107 (c)

N
PE/pI

32 24 24.5 25 255
34 r (cm)

Figure 5. (a) Production power P;; (b) Reynolds power Py, (c)
dimensionless ratio Py /P; at a line-averaged density of

40 0.32/0.45/0.59/0.63 ng

44 Figure 5(a) shows that the radial profile of the production power P;.
46 P, decreases as density approaches n.. Figure 5(b) shows the radial
49 profile of the Reynolds power Py . Py also decreases as density
approaches ng; . At relatively lower density (0.32/0.45 ng;), Py is
54 negative near the both sides of edge shear layer, which is consistent with
57 previous experimental observations in the Ohmic plasmas of JET

59 tokamak*’l, Figure 5(c) shows that the dimensionless ratio Py /P,

17



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NF-104958.R1

decreases significantly in the edge shear region as n/n; increases. The
peak value of Px/P; drops by ~80% from 0.32 n; to 0.63 n;. This
suggests that the shear layer collapse phenomenon observed in the high-
density discharges is due to a reduction in the efficiency of energy transfer
from edge turbulence to the poloidal E X B flow.

This study features novel results showing the evolution of “turbulence
spreading” i.e. the divergence of the flux of turbulence internal energy, as
density approaches n,; . To assess the contribution of spreading to
fluctuation energetics, it is convenient to revisit energetics from the
perspective of fluctuations rather than mean fields. Obviously, fluctuation
and mean field enegetics are linked by energy conservation. For collisional
drift wave turbulence, the total fluctuation energy density is the sum of

kinetic plus internal pieces, i.e:

((V9)") | 2 (7
e = +e = ppet L £ (L)) (7a)

So the energy density flux I} is:

r, = (p2c2 O 1 (5,4 (nio)z> (7b)

Here, the first term on the RHS is the flux of kinetic energy density
and the second term is the flux of internal energy density. We focus on the
evolution of the latter as density approaches ng, because the kinetic energy

flux is two orders of magnitude smaller than the internal energy flux, and

so is negligible. To compare spreading to production, we return to Eqn. (1a)

18
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to derive the turbulence internal energy density evolution equation:

) (8)

0 o ,. fl ~ 1l (V, 7A)?
agz‘l';(vrgz)=3’1—X||n—ovﬁ(¢—n—o)—l)n( lg

n

Here ¢; is turbulence internal energy density. The second term is the
divergence of the internal energy density flux due to spreading. P; is
given in Eqn. (3). The second RHS term reflects the dissipative coupling
between ¢ and 7 (intrinsic to collisional drift waves), and the last RHS
term 1s diffusive dissipation. A natural measure of the fluctuation power
increment due to spreading relative to that due to local production (i.e.
input from the V(n) source) is:

ﬁ _ —0,(Ure) _ —ar(ﬁrﬁzcsg>/2n2

Pi Pi T —(Dpi)cEdp(n)/n? ©)

Here, P; < 0 means that fluctuation internal energy is spreading out
from the location, while Ps > 0 means it is flowing in. An increase in
Ps/P; means that the local internal power evolution is determined
increasingly by spreading rather than by local production. Note that the

=2

spreading power Pg = —0d,(%,71*c2)/2n? here differs somewhat from the

turbulence spreading term (the spreading of density fluctuation intensity)
defined as —0,.(¥,7i%)/2 in the reference!™!.

Figure 6(a) presents the radial profile of turbulence production power
P, and Figure 6(b) presents the turbulence spreading power Ps as density
approaches n;. Ps is small (~0) for discharges with 0.32 n, and

becomes large for 0.63 n;. Meanwhile, Ps tends to be increasingly

negative in the region of 24 cm < r < 24.9 cm and increasingly positive
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in the region of 24.9 cm < r < 25.5 cm as density approaches n.. This
indicates enhanced outward turbulence spreading in high density
discharges. Figure 6(c) shows that the dimensionless ratio of turbulence
spreading to production Pg/P; increases dramatically as density
approaches n.. The peak value of Ps/P; increases by a factor of ~7 from

0.32 n; t00.63 ng.

10" m? s (a)

pi1

(1013 m2 g3

05 (b)

—e—032n, (c)

Figure 6. (a) Turbulence production power P;; (b) turbulence spreading
power Ps; (c) the dimensionless ratio Ps/P; at a line-averaged density

0f 0.32/0.45/0.59/0.63 ng

The relative turbulence energy change due to spreading Pg/P;

increases while the relative Reynolds power ratio Py /P; decreases. In
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fact, (Px/P)pear * (Ps/Pr)pear~0.3/0.5/0.4/0.4x 1073 within a range
of line-averaged density of 0.32/0.45/0.59/0.63 ng. Thus, (Px/P1)pear *
(Ps/P1)pear~const. This suggests that the energy is diverted from shear
flow drive to outward spreading, as the shear layer collapses. Thus,

turbulent particle transport increases as density approaches ng.

5. Spreading dynamics — low-frequency density fluctuation
events

Figure 7(a) shows the auto-spectra of ion saturation current
fluctuations I 4, in the edge region at r~25cm for the line-averaged
density values of 0.32/0.45/0.59/0.63 n.. Figure 7(b) shows the auto-
spectra of radial velocity fluctuations. Here, ¥, is inferred by (ij —
Vf’g) /(dgB;). Figure 7(c) shows the auto-power spectra of normalized ion
saturation current fluctuations I 4. /Isq; and Figure 7(d) shows the auto-
power spectra of normalized magnetic fluctuations By /B.

The low-frequency components (<50 kHz) of ion saturation current
fluctuations increase as density approaches n. . The low-frequency
components (<50 kHz) of I ,./I,, increase as density approaches ng,
while the high-frequency components (50-100 kHz) of I 4. /Isq; don’t
change much. The low-frequency components (<50 kHz) of ¥ don’t
change much, and the high frequency components (50-100 kHz) of ¥,
even decreases as density approaches n;. Besides, there is almost no

change in the cross phasel®® between density fluctuations and radial
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1 as density approaches ng.

velocity fluctuations in the particle flux [
Therefore, these enhanced low-frequency density fluctuations contribute
to the enhanced turbulent particle flux shown in Figure 2(f), and enhanced
turbulence spreading shown in Figure 6(b). However, note that there is no
obvious change in low-frequency, large scale MHD activity as density

increases! Hence, we focus on the electrostatic fluctuation physics in our

study of enhanced particle transport as density approaches n,.

(b)
10 100
f(kHz)
0.32n, (d)
— 045
— 059
— 0831
1 10 100 1 10 100
f(kHz) f(kHz)

Figure 7. The auto-spectra of (a) ion saturation current fluctuations; (b)
radial velocity fluctuations, (c) normalized ion saturation current

fluctuations, and (d) normalized magnetic fluctuations at a line-averaged

density of 0.32/0.45/0.59/0.63 ng

Figure 8(a) presents the envelope of the auto correlation function of
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I, fluctuations at r~25 cm. Figure 8(b) shows the envelope of the auto
correlation function of Vf fluctuations at r~25 cm. The envelope of the
auto correlation function is obtained from the absolute value of the Hilbert
transform of the autocorrelation sequence. Thus, the auto correlation time
Tg4e can be determined from the e-folding width of the envelope of auto
correlation function®®. 7,. for I, fluctuations increases as the line-
averaged density increases. This is due to the fact that I, fluctuation
events have longer lifetime or the turbulence propagation velocity is
reduced as 7 increases.

Figure 8(c) presents the envelope of the cross correlation function of
two radially separated ion saturation current fluctuations at r~25 cm and
r~25.5 cm. They are Iy, on the top step of probe array and I?,, on the
bottom step of probe array, respectively. Figure 8(d) presents the envelope
of the cross correlation function of two radially separated floating potential
fluctuations (Vf,g and VfA) at r~25cm and r~25.5 cm. The cross
correlation of radially separated I, increases significantly as the line-
averaged density increases, while the cross correlation of radially separated
Vf does not increase. This indicates that the enhanced, radially extended
correlation exists in the density fluctuations but not in the potential

fluctuations, as density increases.
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Figure 8. The envelope of (a) auto correlation function of Iy (b) auto

correlation function of Vf; (c) cross correlation function of two radially

separated I,4.; (d) cross correlation function of two radially separated

Ve

Figure 9(a) and Figure 9(b) give the coherence and cross phase

between two radially separated ion saturation current fluctuations (I,

and I};;) at r~25cm and r~25.5cm. The coherence in the low-

frequency range (2-50 kHz) increases as the line averaged density

increases. The cross phase cos ¢ is close to 1 in the low-frequency range

(2-50 kHz) as n increases. This suggests that the radial correlation of

low-frequency density fluctuations increases as 7 increases.
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Figure 9. The (a) coherence and (b) cross phase between two radially

separated Iyq;

The increase of low-frequency radial correlation and radial coherence
35 in I, is consistent with the interpretation of the occurrence of particle
38 transport events. In this respect. these fluctuation measurements resemble
40 those measured in flux driven simulations of turbulence, where extended
43 correlation in pressure but not in potential®l was observed. This is
somewhat suggestive of avalanching. The experimental results here
48 resemble small avalanches in density fluctuations on a scale of the edge
51 shear layer. The onset of these small avalanches coincides with shear layer
collapse as n approaches n;.

56 Figure 10 shows the PDF of I, at a line-averaged density of 0.32

n; and 0.63 n.. The skewness increases as 11/n; increases. The kurtosis
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of I, fluctuations is unchanged. Note that a nearly symmetrical PDF

evolves to a moderately skewed PDF due to the emergence of a more

positively biased tail, which indicates 7 > 0 fluctuations predominate.

0.02

0.32n¢

kurtosis: 3.3
skewness: 0.2

-2
=
=8
0.01
0
-0.2 0.1 0 0.1 0.2
I.sa.t
0.63ng
kurtosis: 3.1 (b)
0.02}| skewness: 0.6
=
=
=
0.01
0 —
-0.2 0.1 0 0.1 0.2
I.'mt

Figure 10. The PDF characteristics of I,q; at a line-averaged density of
(@) 0.32 ng, (b) 0.63 ng

6. Adiabaticity as a key parameter

Figure 11 shows the electron adiabaticity a = knzvfh'e /(Vejw) as a

function of 7/n; for different I, of ~ 130/ 150 /190 KA. Here, k; is

estimated to be ~1/qR . As density approaches n;, the electron

adiabaticity decreases from a~1 to a < 1, which suggests electrons

enter the hydrodynamic regime. The a —n/n; curves for different

plasma currents are very consistent. This shows that the transition of

electron adiabaticity from the adiabatic regime (@ > 1) to hydrodynamic
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regime (a < 1) is likely to be a common characteristic of high density
discharges. The higher operational density available in discharges with

higher plasma current is coincident with the evolution of electron

adiabaticity.
* O 130kA
2 L
¢ 150kA
* 190 kA
3 (n
1 L
*0
&
ol 28 g
0.2 0.4 0.6 0.8
n/ng
Figure 11. Electron adiabaticity a VS n/ng for different I, of~ 130/
150/190 kA

Figure 12(a) shows the E X B flow shearing rate as a function of «a.
Figure 12(b) shows the 7, for Iy, fluctuations as a function of a. The
E X B flow shearing rate decreases for a < 0.35, while 7, for I
increases at @ < 0.35. Figure 12(c) shows the normalized I,,, amplitude
as a function of a. Figure 12(d) shows the dimensionless ratio Ps/P; as
a function of a. Both density fluctuation levels and the relative turbulence
spreading strength rise for a < 0.35. Adiabaticity emerges as a key
parameter to determine the onset of edge shear layer collapse and enhanced

particle transport events in high density discharges.
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Figure 12. (a) E X B flow shearing rate, (b) auto correlation time of

Lger (c) normalized Iy, amplitude; and (d) dimensionless ratio of

turbulence spreading Ps/P; as a function of electron adiabaticity a

7. Conclusions

In this paper, we report the discovery and first analysis of enhanced

particle transport events as the density approaches the density limit of the

J-TEXT tokamak. Emphasis is on understanding the evolution and physics

of the transport events. The principal results of this paper are:

(i)

(i)

The observation of the collapse of the edge shear layer and an increase
in particle flux as the density 7 approaches Greenwald density ng.

The ratio of Reynolds power P, to V(n) driven fluctuation internal
energy production power P;, i.e. Py /P, drops as n — n;. At the
same time, the divergence of turbulence internal energy flux (i.e.
turbulence spreading) rises relative to P, i.e. Pg/P; increases. Note
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that (Px/Ppeak * (Ps/P1)pear 1s near constant as 7 — ng. This
suggests that shear layer collapse triggers turbulence spreading events.
Instead of driving the turbulent Reynolds power, fluctuation power is
channeled to turbulence spreading.

The auto-correlation time of I ,, fluctuations (indicative of density
fluctuations) increases as n — n;. Likewise, the cross correlation of
two radially separated [, also increases. The skewness of I,
fluctuations is seen to be positive and increases as 1 — ng, indicating
1. > 0 fluctuations predominate. Taken together, these observations
indicate that the enhanced particle transport events are quasi-coherent
and manifested primarily as density fluctuations. They have form of
localized over-turning events or small ‘“avalanches”, since Pg
transitions from < 0 to >0 as radial location increases. This
suggests outward transport of fluctuation energy. Magnetic
fluctuations remain unchanged during the transport events.

Electron adiabaticity a emerges as the critical parameter which
signals the onset of enhanced particle transport events. For a < 0.35
as M — ng, 1.e. for which electrons enter the hydrodynamic regime,
both spreading of fluctuation internal energy and density fluctuation
level rise. T, of I, also increases as a < 0.35, indicating
increased coherency.

These results have several interesting implications, which we plan to
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explore in future experiments. First, previous results on tokamaks!>*->%

observed a strengthening of the edge shear layer in L-mode, as auxiliary
power is increased. Does that imply increased shear layer resilience to
collapse at high density? This would be consistent with the basic scaling of
a~T?/n for drift wave turbulence, which suggest that increased edge
temperature can enable increased edge density without shear layer collapse
and enhanced transport. In macroscopic terms, these trends could identify
the fluctuation physics underpinnings of a possible power or heat flux
dependence of the density limit phenomenology. The latter is a topic of
discussion, especially in the context of stellarators. However, caution is
required here, and some care should be taken in distinguishing edge density
from line averaged density. More generally, since the L-H transition power
threshold P,y increases with n at high density, a study of L-mode
density limit physics would explore a space of power, such that P/P;y <
1, and normalized density n1/n; < 1 (at least). Exploration of the high
power (P/P;y — 1) and high density n/n; = 1 (or even beyond!) corner
of this space would probe the dynamics of the competition between the L-
H transition at high density and the density limit physics, and so be of great
interest in the context of ITER operation scenarios development.

Future work on this subject will also include studies of current
dependency of the dynamics, with emphasis on Py, P;, Ps scaling, and

that of particle diffusion and density fluctuations. Meanwhile, it is
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worthwhile to compare the experimental result with relevant theoretical

21 which is

work®%, Besides, nonlinear poloidal momentum flux !
significant to poloidal rotation drive in strong turbulence, is planned to be
studied experimentally. The physics regarding the particle transport events
in the edge plasma (inside LCFS) and SOL plasma could be very different
since the magnetic field lines are open in the SOL. Turbulent transport
behavior in the SOL is very interesting and will be studied further in future.
We also aim to understand better the structure of the density avalanches!>”
and how they might interact with radiative condensation processes, and
edge cooling. In particular, we speculate here that the formation of a large
“slug” of density by the edge transport event could seed radiative
condensation instabilities at the plasma edge. These could then trigger the
familiar chain of events, 1ie. Marfe — current profile
contraction=>MHD—disruption. In a related vein, a particle transport event

could also trigger edge cooling by entrainment of colder particles, neutrals,

etc.
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