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ABSTRACT

Since high density operation is advantageous for building an efficient fusion reactor, understanding the density limit in tokamaks has been
seen as one of the most important issues. This paper reports a series of measurements around the last-closed flux surface (LCFS) in L-mode
plasmas by using a thermal helium beam diagnostic. Fluctuation analysis has been employed to characterize the poloidal flow and the turbu-
lence structure. A reversal of the poloidal flow in the scrape-off layer and concomitant cooling of the outer divertor plasma are observed as
the density is raised. While, in the confined region, the change in the density barely affects the poloidal flow, a higher density shifts the fluctu-
ation power spectral densities toward lower frequencies and wave numbers. The eddy tilting of this region is consistent with what is expected
from the magnetic shear effect. A radially coherent low frequency mode appears in the case of the highest density investigated in this study
(ne/negw = 0.51), and higher frequencies near the LCFS are modulated by this mode.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0098294
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I. INTRODUCTION

Understanding the operational limits of tokamaks is essential to
develop a safe and efficient scenario for a fusion reactor. One of those
limitations is the density limit. In most cases, tokamak plasmas cannot
be sustained above the Greenwald density 716(10* m~?) = I, (MA)/
na? (m?),"” where 7ig is the line-averaged density, I, is the plasma
current, and a is the minor radius. While the Greenwald formula is
largely successful, there are a few examples where densities exceeding
the Greenwald limit are achieved,” and others where the plasma is
lost before the Greenwald limit is reached.” In order to establish a reli-
able high density operation, it is necessary to reveal the underlying
mechanisms that govern the density limit.

Since the early days, it has been known that radiative cooling can
lead to a disruption.” References 7 and 8 introduced the thermo-
resistive effect to describe how the radiated power increases. It was
shown that current density perturbations caused by the local radiative
cooling in the edge can create magnetic islands, leading to the loss of
confinement. This process further enhances the radiated power since
main ions and impurities tend to radiate more efficiently at lower tem-
peratures. In this model, the linear dependence on I,, which is the
same as the Greenwald limit, can be recovered for a local density limit.
In addition, the existence of magnetic islands prior to a disruption was
experimentally verified while a helical impurity radiation pattern,
which should cause current density perturbations, was not identified.”
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Physics of Plasmas

Even though radiative cooling is likely to trigger a disruption in
the end, there still needs to be some mechanism responsible for initial
cooling in the edge as the density limit is approached. Reference 10
showed that the electromagnetic effects, which are linked to the radial
gradient of poloidal beta f3,,, result in a catastrophic increase in trans-
port when finite collisionality prevents the adiabatic response of elec-
trons from providing the sufficient stabilization. In fact, a clear
boundary of the experimentally observed L-mode density limits is
drawn in the phase space defined by the f3, gradient and collisionality
parameters.”' ' '* The Greenwald-like linear dependence of the critical
density on I, can also be derived from the condition under which the
electromagnetic effects become important for the dominant instability
(resistive ballooning mode).”

In the low f regime, an electrostatic fluid model (the
Hasegawa-Wakatani model) is also capable of reproducing the
transport enhancement, which may lead to a disruption.'” In this
case, the transport regulation is lost by the collapse of the zonal
flow shear layers as the plasma becomes more collisional, and the
adiabatic response is hampered. Indeed, the measurements of edge
plasmas showed that the shearing rate of the poloidal flow and the
non-linear drive for the low-frequency zonal flows decrease as the
collisionality is raised.'®

The focus of this paper is to shed light on the underlying mecha-
nism of the L-mode density limit in terms of the edge flow profile and
the turbulence structure. Similar work based on probe measurements
has already been reported in Ref. 17. The present work mainly uses a
thermal helium beam diagnostic,'® which is able to simultaneously
measure multiple locations, including both the confined region and
the near scrape-off layer (SOL). This diagnostic capability helps high-
light new aspects of the physics near the last closed flux surface
(LCFS). Among the several proposed forms of the control parameter
for collisionality, the turbulence parameter™* o, o< 1,/ T? is employed
in this paper to characterize the electron response. When o < 1,
the electron response is close to adiabatic while the hydrodynamic
description is valid when o, > 1. The explicit definition of o is given
in Refs. 5 and 14.

shot:39020 5.0 sec
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This paper is organized as follows: Sec. II discusses the thermal
helium beam diagnostic and the use of the He I line intensities. The
poloidal flow measurements are provided in Sec. III with the emphasis
on the outer divertor condition. Section IV characterizes the turbu-
lence structure inside the LCFS. Conclusions are given in Sec. V.

Il. FLUCTUATION MEASUREMENTS USING A THERMAL
HELIUM BEAM DIAGNOSTIC

Figures 1(a) and 1(b) show the observation points of the thermal
helium beam diagnostic (THD) at ASDEX-Upgrade (AUG). Active
emission of He I lines due to the electron impact excitation is induced
by puffing a helium gas from the wall. Helium puffs are modulated at
10Hz, allowing for the background subtraction. The light collected
from the observation points is fed to a polychromator, which simulta-
neously measures the intensities of 587, 667, 706, and 728 nm He I
lines. Each emission line is detected by a photo-multiplier tube, and
the signals are recorded at the sampling frequency of 900kHz.
Detailed descriptions on the diagnostic system can be found in Ref. 18.
The intensity of a He I line is given by

I = nHenePECiy (1)

where /. is the wavelength of the He I line and nye, 7., and T, are the
neutral helium density, the electron density, and the electron tempera-
ture, respectively. PEC; is called a photon emissivity coefficient.

The present work investigates fluctuations around the LCES.
Typical emission intensity profiles of He I lines are shown in Fig. 1(c).
Once a cloud of the neutral helium gas encounters a hotter and denser
plasma near the confined region, ny. rapidly decreases due to ioniza-
tion while enhanced interactions with the plasma lead to more fre-
quent photon emission per single helium atom. As a result of these
two effects, the emission intensities of the He I lines peak near the
LCES. Note that ny. depends on the trajectory the helium atoms take
from the gas valve to the observation point. Thus, the fluctuations in
I; may also contain non-local effects. Reference 19 introduced a tech-
nique to remove the ny. dependence by evaluating the following
quantity:
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where A and B are the groups of He I lines. All four available lines are
distributed to either A or B. The subscript “,” means the time average
of the quantity of interest. R has the sum of He I line intensities in A
for the numerator and in B for the denominator. Each line intensity is
multiplied by a coefficient ¢4 or ¢Z. Also, R is normalized by the aver-
aged values with the subscrlpt “0- ” As can be seen in Eq. (2), R is inde-
pendent of 7. When the relaxation time between the spin states is
neglected, a static collisional radiative model gives PEC; as a function
of ne and T, at the observation point. In such a case, R can be approxi-

mated by a linear function of n, and T, as follows:
T.
Te 0

R~ 1+‘“ne +/3Te (3)
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#1e and T are the fluctuating components of 7, and T, respectively.
The sensitivities to these fluctuations are specified by «,, and fr.. In
Secs. 111-V, the quantity,

RER/(ane+ﬁTe)a (6)

is employed for fluctuation measurements. Note that the grouping of
A and B and the choices of ¢} or ¢ are arbitrary. These spectral chan-
nel groupings and the coefficients are chosen such that a signal-to-
noise (S/N) ratio can be maximized in the fluctuation measurements
by taking into account ,,, 7. and the photon noise. The procedure
for this optimization is discussed in Ref. 19. In principle, Egs. (3)-(6)
specify the sensitivities to the n, and T, fluctuations. However, as dis-
cussed in Refs. 19-21, experimentally observed He I intensities are not
necessarily in complete agreement with collisional radiative models. In
addition, the dataset analyzed in this work contains low density cases,
for which incomplete equlibration of spin-states may not allow for the
adequate use of the static collisional radiative model. Therefore, no
quantitative discussion in terms of 7, and T, fluctuations will be made

scitation.org/journal/php

in this paper. neo and T are determined by using only three He I
lines: 667, 706, and 728 nm, which are most commonly chosen for the
THB.”** The intensity of the 587 nm line is rescaled such that its
time average becomes the same as the static collisional radiative model
calculation for 7 and Te .

lll. POLOIDAL FLOWS NEAR THE LAST CLOSED FLUX
SURFACE

Poloidal flow (V1) profiles near the LCES are investigated by
using the time-delay-estimation (TDE) technique.””** In TDE, the
time lag Ty that maximizes the correlation function between two
fluctuating time series is first determined. Then, the flow velocity is
calculated by V = Ax/Tmay, where Ax is the separation between the
two observation points. As can be seen in Fig. 1(b), there are four or
five channels at the same radial location near the LCFS. TDE is applied
to all combinations of poloidally adjacent channels, and the poloidal
flow is calculated by taking average of the multiple flow measurements.
The quantity R introduced in Sec. 1I is used for fluctuating time series,
and the overlapping period is set to 284 us in calculating correlation
functions. Note that TDE provides the sum of the E x B drift and the
turbulence phase velocity, which is not necessarily the same as the E x B
drift velocity inferred from the radial electric field measurements.”
The flow measurements by using the velocimetry technique,”**” which
can provide the time of evolution of the two-dimensional flow fields,
was also attempted. However, the relatively low S/N ratios of the fluctu-
ation data and the limited coverage of spatial points did not allow for
the robust estimation of the flow structure.

Two discharges, #39020 and #38839 in the ASDEX Upgrade
tokamak (AUG) are investigated in the present work. Both of them
are L-mode ECRH discharges with I, = 0.8 MA and B =2.5T,
where B, is the toroidal field. They are lower single null (LSN) dis-
charges with the favorable VB drift direction. The magnetic equilib-
rium is shown in Fig. 1(a). The external heating is 200 kW for #39020
and 300 kW for #38839. In #39020, the line averaged density 7. is
ramped up continuously from 1.5 x10' to 4.0 x10' m™> while
#38839 has a quasi-stationary period lasting for around 1.5 s with
fi. = 4.8 X 10" m . The radial profiles of Vpol, Ne, and T, are
shown in Fig. 2. Note that when Ty, is close to zero, |Vpo| becomes
extremely large, causing spurious points. This poses a problem espe-
cially when the poloidal flow fluctuates near zero and changes its sign
frequently. In order to reduce the influence of spurious points, the
median values are plotted instead of the means for the poloidal flow
profiles. The Greenwald fraction fw = 71 /nGw is used in the legend
to represent the density. The corresponding collisionality parameter o
at the LCFS is shown in Table I. At AUG, the L-mode density limit is
typically observed between fgw = 0.51 and 0.63 when the LSN config-
uration is used.” In the highest density case, % exceeds 1, and the adia-
batic response of elections is expected to be hampered. Table I shows
that o, increases as fgw is raised. Therefore, higher densities always
correspond to higher collisionalities in this work. The poloidal flow
profiles for fgw = 0.28 and fgw = 0.35 look similar. Inside the LCFS,
Vpol is in the electron-diamagnetic drift direction (EDD) while the
SOL flow is in the ion-diamagnetic drift direction (IDD). As fow
increases, Vo in the SOL flips the sign and propagates in the EDD
except at ppy ~ 1.005, where the flow direction becomes the EDD
again for fgw = 0.51. At the moment, there is no adequate explana-
tion of why the flow direction at p, ~ 1.005 returns to the IDD. One
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FIG. 2. (a) Radial profiles of poloidal flow for different densities calculated by the
time-delay-estimation technique. Vp, > 0 corresponds to the flows in the electron
diamagnetic drift direction. The data points are the medians of about 200 indepen-
dent samples. Typical scattering of poloidal flow data can be seen in Fig. 3(a). The
radial profiles of the electron density and the temperature near the last-closed flux
surface are shown in (b) and (c), respectively. f is the line-averaged density nor-
malized by the Greenwald density limit.

possible candidate is the contribution of blobs, which can propagate in
both EDD and IDD.”"" It is also important to note that radially prop-
agating tilted structures can also cause a phase lag between poloidally
separated channels. More reliable flow measurements are needed for
evaluating the flow shear that may play a critical role in the L-mode
density limit. In the confined region, the changes in V), are small.
The time evolutions of Vg at three different radial locations that
cross the LCFS are shown in Fig. 3(a). Also shown are the evolutions
of line-integrated density and the profiles of the electron density, the
electron temperature, and the ion flux on the outer divertor target.
The time window contains fgw = 0.35 and fgw = 0.42, whose V}q

TABLE |. The Greenwald density fractions and the corresponding turbulence param-
eters®'* (measure of collisionality) at the LCFS.

Parameter Values
fow 0.28 0.35 0.42 0.51
g 0.34 0.45 0.53 1.2
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FIG. 3. Time evolutions of the turbulent flow velocity at three different radial loca-
tions (a), line-integrated electron densities at the core and edge chords (b), the
outer-divertor target electron temperature profile (c), the outer-divertor target elec-
tron density profile (d), and the ion flux on the outer-divertor target (e). In (c)-(e),
As is the distance from the strike point. The SOL region is As > 0.

profiles are shown in Fig. 2. The flip of the SOL flow direction occurs
at round 5.25 s. Around the same time, Figs. 3(c) and 3(d) show that
the outer divertor plasma starts to cooldown, and the density there
increases. In addition, the ion flux shown in Fig. 3(e) rises, indicating
that the outer divertor plasma enters the high-recycling regime. The
poloidal flow profiles in L-mode plasmas with different densities were
also investigated at HL-2A tokamak by applying TDE to Langmuir
probe data.'® In the HL-2A case, | Vpol| decreases as 7. increases in the
SOL. However, the flow direction remained in the IDD. Another tur-
bulent flow measurement based on the gas-puff-imaging technique at
Alcator C-Mod also reported that V1 was always in the IDD outside
the LCFS when the density was varied.”” The reversal of V,| observed
at AUG is likely to be linked to the outer divertor condition.

IV. TURBULENCE CHARACTERIZATION
IN THE CONFINED REGION

In this section, turbulence characteristics in the confined region
are investigated by using frequency analysis. The two brightest He I
lines (587 and 667 nm) observed in this measurement have different
spin states. The ratio of different spin states tends to be more sensitive
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to T, than to n,. Since R used here always has the 587 nm line in the
denominator and the 667 nm line in the numerator in Eq. (2), the fluc-
tuation measurements are primarily sensitive to the T fluctuations.
The contributions from the r, fluctuations may vary for different equi-
libria and radial locations. However, this effect is neglected in the pre-
sent work. Figures 4(a)-4(f) show the cross power spectral densities of
‘R between two poloidally adjacent channels, the dispersion relations
calculated by their cross-phase, and the coherence functions. The
channel locations are shown in the insets in Figs. 4(a) and 4(d). For
each pair of channels, the spectra are plotted for three different

1074
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densities. The similar dispersion relations are obtained for all cases,
indicating that the density has a small influence on the turbulent flow
velocity as expected from Fig. 2. On the other hand, Fig. 4(a) shows
the peak of the cross power spectrum at pp,, = 0.985 shifts toward
lower frequencies as the density increases. Since the change in the dis-
persion relation is small, the ko power spectrum is also expected to
shift toward lower values. Figure 4(d) shows the cross power spectrum
at an outer position p,, = 0.995. Compared with their counterparts
at p,, = 0.985, the power spectra are concentrated in lower frequency
ranges. Given the fact that the dispersion relations are similar between
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FIG. 4. Cross power spectral densities between two poloidally adjacent channels at p, = 0.985(a) and p,, = 0.995 (d). Dispersion relations for the poloidal wave number
at ppy = 0.985(b) and p,, = 0.995(e). Coherence functions at p,, = 0.985(c) and ppy = 0.995(f). Also shown are the cross power spectral densities between two radially
separated channels (g), the dispersion relation for the radial wave number (h), and the coherence function (i). The channel positions for each case are shown in the insets of
(a), (d), or (g). The red dotted lines in (c), (f), and (i) represent the statistical significance levels.
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FIG. 5. Locations of the analyzed channels (a), the cross-phase (b), and the coherence function (c). The red dotted line in (c) represents the statistical significance level.

those two radial positions, the turbulence at p,, = 0.995 has larger
poloidal structures than at p, = 0.985. While, roughly speaking, the
cross power spectral density monotonically decays as the frequency
increases at pp,o = 0.995, the magnitude of the low frequency compo-
nents becomes larger as the density increases.

Figure 4(g) shows the cross power spectral densities between two
radially separated channels at p,, = 0.985 and p,, = 0.995, the
radial dispersion relations, and the coherence functions. The channel
locations are again shown in the inset. Below 50 kHz, the cross power
increases as the density becomes higher whereas the cross power stays
at similar amplitudes above 50kHz for all densities. Note that the
coherence levels shown in Fig. 4(i) also contribute to the changes in
the cross power. Fluctuations below 50kHz become radially more
coherent as the density increases while the opposite trend is observed
between 50 and 150kHz. In this frequency range, the radial wave-
number inferred from the cross phase shown in Fig. 4(h) is negative.
This indicates that the outer channel sees the fluctuations before the
inner one. However, this relation does not necessarily mean that there
exist waves that propagate inward. As discussed in Ref. 33, an inner
channel can have a phase lag with respect to an outer channel when

tilted eddies propagate in the poloidal direction. In order to further
investigate the fluctuation structure, the cross-phase between both
radially and poloidally separated channels is calculated. The positions
of the channels, the cross phase between them, and the coherence
functions are shown in Fig. 5. The cross phase is close to zero around
100 kHz where the coherence is high. Thus, the channels circled in
purple are on the same wave front around 100 kHz. Note that the
observation points are below the outer midplane as shown in Fig. 1. At
this position, the direction of eddy tilting around 100 kHz is likely to
be caused by the magnetic shear as discussed in Refs. 34 and 35.
Figure 5 shows that the degree of the eddy tilting has a small, if any,
dependence on the density. On the other hand, Ref. 16 reports that the
density affects the eddy tilting angle at the outer midplane where the
magnetic shear has a small impact on the eddy tilting.

Finally, non-linear coupling is investigated. Figure 6 shows the
auto-bicoherence at p, = 0.995 for different densities. In the lowest
density case (a), the frequency components below 50 kHz are coupled
to each other. The middle density (b) shows the signs of non-linear
interactions also for around 100 kHz. This frequency range is radially
coherent as shown in Fig. 4(i). The radial coherence below 25kHz
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FIG. 6. Auto-bicoherence at p,, = 0.995 for different line-averaged densities. The FFT time window is 568 us, and each plot has >2000 samples. All spatial channels at the
same radial location are utilized to increase the sample size.
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becomes high for the highest density. In this case, frequency compo-
nents up to 100 kHz are coupled to around 7 kHz. While this bicoher-
ence somewhat resembles the geodestic acoustic modes
(GAMs),'***"” no-coherent structure is observed in the power spectral
density in Fig. 4(d) even when the frequency resolution is increased.
Note that the quantity given in Eq. (6) is primarily sensitive to the T,
fluctuations while GAMs are most clearly seen in the potential or
radial electric field fluctuations near the outer mid-plane. Due to the
shift of the cutoff-layer, Doppler reflectometry, which has been used
for observing GAMs at AUG,™ was not available for the confined
region when the density was increased. More dedicated measurements
are needed in order to identify the type of the low frequency mode. In
the case of the similar L-mode study at HL-2A, GAMs were seen
inside the LCES, and their amplitudes increased as the density was
raised.'

V. CONCLUSIONS

In order to understand the mechanism underlying the L-mode
density limit, the flow and turbulence structure around the LCES in
L-mode plasmas is investigated by using the thermal helium beam
diagnostics. The poloidal flow profile measurement based on the time-
delay-estimation technique shows that the flow direction changes
from the ion-diamagnetic to the electron-diamagnetic drift as the den-
sity increases. On the other hand, the variation in the density has a
small influence on the poloidal flow in the confined region, and its
flow direction stays in the electron-diamagnetic drift direction. The
flow direction in the SOL flips in a rather fast timescale (tens of ms)
and is accompanied by cooling of the outer-divertor plasma. This
change in the flow profile reduces the flow shear and, thus, may lead
to an increase in transport. Interestingly, as the density is further
raised, the poloidal flow just outside the LCFS becomes in the ion-
diamagnetic drift direction again while the poloidal flows at the other
radial locations in the near SOL remain in the electron diamagnetic
drift direction. Blobs and/or radial flows may contribute to this obser-
vation, and further studies are necessary to properly quantify the flow
shear in this case.

Fluctuation measurements by using the quantity that is primarily
sensitive to the electron temperature have revealed that the power spec-
tral density at p,, = 0.985 shift toward lower frequencies and wave-
numbers as the density increases. This change in the spatial scale is in
line with the behavior of the resistive ballooning mode, whose charac-
teristic wave-number increases along with the collisionality.” The radial
correlation between p,,,; = 0.985 and p,,; = 0.995 is high between 50
and 150kHz. The eddies corresponding to this frequency range are
found to be tilted such that the fluctuations in the radially inner posi-
tions follow those in the outer positions. This tilt angle is consistent
with what is expected of the magnetic shear effects below the outer
mid-plane. These observations suggest that the density has a small
impact on the degree of tilting around 100 kHz. For the highest density
case, bicoherence analysis shows that frequency components up to
100 kHz are modulated by low frequency components around 7 kHz. A
high radial coherence is also observed in this low frequency range.

These findings indicate that the divertor condition and the mag-
netic geometry play non-negligible roles in the edge plasma dynamics.
While changes in the spatial structure of turbulence and the non-
linear interactions are observed as the density increases, more dedi-
cated studies, such as the local magnetic fluctuation measurements or

ARTICLE scitation.org/journal/php

the rigorous comparison between instability drives and stabilization
due to the flow shear or the diamagnetic effect, are required to reveal
the underlying process responsible for the initial edge cooling prior to
the radiative collapse in AUG.
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