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Abstract

®

CrossMark

The field penetration threshold of magnetic perturbations has been observed to vary
non-monotonically with an increase of density in ohmic plasmas on the J-TEXT tokamak. This
observation appears contradicting the previous empirical density scaling law. Disentanglement
of plasma density and rotation dependences of the field penetration threshold has been carried
out. It shows that the field penetration threshold depends only weakly on the density but linearly
on the plasma rotation. This result is not only important for the prediction of error field
tolerance in fusion devices, but also opens a question on the role of density in the forced

magnetic reconnection process in magnetized plasmas.
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(Some figures may appear in colour only in the online journal)

Forced magnetic reconnection [1] in the presence of reson-
ant magnetic perturbation (RMP), so called field penetration,
is a fundamental issue in magnetically confined fusion plas-
mas. RMP is known for the profound effects on the plasma
transport [2, 3] and magnetohydrodynamic (MHD) instabil-
ities, i.e. locked mode and edge-localized-mode (ELM) sup-
pression [4-7]. Field penetration in the plasma core triggers
large magnetic islands which can cause degradation of plasma

* See Liang et al 2019 (https://iopscience.iop.org/article/10.1088/1741-4326/
abla72) for the J-TEXT team.
Author to whom any correspondence should be addressed.

1741-4326/20/064003+7$33.00

confinement and even a major disruption [8]. On the other
hand, experimental evidences show that the transition from
ELM mitigation to ELM suppression is due to the field penet-
ration of RMP occurred at the plasma edge [9—-11]. In addition,
an upper limit of the operating window of RMP ELM suppres-
sion in tokamaks is determined by the disruptive field penetra-
tion threshold in the plasma core [12]. Understanding of the
field penetration process, especially the parametric depend-
ence of the field penetration threshold, is the basis of the RMP
physics and application of RMP for the plasma control.

The parametric dependence of the field penetration
threshold, especially on the plasma density, has been broadly

© 2020 IAEA, Vienna Printed in the UK
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concerned and investigated for a long time due to its close
connection with the start-up and early heating phase (L-mode,
low density) in ITER [13]. An empirical scaling of the field
penetration threshold is figured out by results in tokamaks in
the form of (b,/Br)cri; x nS, where b, is the field penetra-
tion threshold, By is the toroidal field, and n, is the plasma
density. However, the scaling coefficient «,, varies between
different devices. The coefficient «,, is around 1 (linear) in
JET [14], DII-D [15], COMPASS-D [13], Alcator C-Mod
[16], TEXTOR [17], and MAST [18], while being around 0.5
in COMPASS-C [19], J-TEXT [20], NSTX [21], and EAST
[22]. One of the main obstacles in understanding the role of
density is that some other parameters, which influence the
field penetration threshold, vary with the variation of density.
Plasma rotation is proven to play a critical role in the field
penetration process due to the skin effect and the MHD sta-
bilization effect [17, 23]. Researches in TEXTOR and LHD
exhibited that the field penetration threshold was strongly
related to the slip frequency (frequency difference of per-
turbed field and MHD mode) [24-26]. Results in JET took the
plasma rotation (wy) into account in the empirical scaling as
(br/Br)erir < n&"wy to clarify the a, divergence and rota-
tion dependence [27]. The a,, was modified to around 0.5 and
no certain rotation dependence was concluded.

Predictions and optimizations for the error field tolerance
in ITER have been performed based on empirical scalings
[13, 28]. However, there are three cases which cannot be dir-
ectly described by the empirical scaling. In NSTX, the field
penetration threshold decreased when the density increased
further in high-beta plasma. It was interpreted to be caused by
the resonant field amplification (RFA) effects [21]. In TEX-
TOR, a sudden drop of the field penetration threshold was
observed when the density kept increasing, and the density
where this drop appeared moved with different fractions of
momentum injections with and against the plasma current
[29]. Previous researches on J-TEXT demonstrated that the
field penetration threshold increases with the increase of dens-
ity and scales proportionally to n%> in the range of (0.7—
2.7) x 10" m~3 [20]. However, an unexpected lower field
penetration threshold was recently observed in higher density
plasma in a series of discharges [30]. Facts above show that the
field penetration threshold can even decrease with an increase
of the density in some cases, accentuating the question how the
field penetration threshold depends on the density. This letter
focuses on this problem based on a distinct result of field pen-
etration experiments in J-TEXT, separates the plasma rotation
from the density, and demonstrates a weak density depend-
ence and a strong rotation dependence of the field penetration
threshold.

J-TEXT is a circular, medium-sized, limiter tokamak with
a major radius Ry = 105 cm and a minor radius a = 25-29 cm
[31]. 4 groups of coils are installed in the vacuum vessel to pro-
duce the resonant magnetic perturbations [32]. The dominant
resonant component of the perturbed field is set as m/n = 2/1
(m and n are poloidal mode number and toroidal mode number,
respectively) by adjusting the orientation of coil currents. The
amplitude of the 2/1 component is calculated in vacuum at the
last closed surface and has ratio of 0.25 mT kA~! with the coil

current. The experiment described in this letter is performed
by applying the static 2/1 RMP onto an ohmically heated, L-
mode plasma. No external momentum injection is applied in
targeted plasmas. The plasma parameters are set to have a
minor radius of 25.5 cm, a toroidal field of 1.7 T, a plasma
current of 150 kA and an edge safety factor of 3.5. Figure 1(a)
shows the field penetration thresholds for core line-averaged
plasma densities <n,> in the range of (1-4.7) x 10" m~3.
Interestingly there is an obvious non-monotonic dependence
of the field penetration threshold on the density, violating
the empirical density scaling. The density at the safety factor
g = 2 resonant surface (r/a = 0.8) is shown in figure 1(b). It
increases with the increase of core density as n%-%%. The non-
monotonic dependence of the field penetration threshold can
be also observed employing the density at the ¢ = 2 resonant
surface. Moreover, the ascending branch and the descending
branch of the dependence curve are linked smoothly. It is dif-
ferent from the results in NSTX and TEXTOR [21, 29]. The
sudden changes of the monotonicity of the density dependence
in NSTX and TEXTOR could indicate a transition of mechan-
ism.

Figure 2 shows the time evolution of two field penet-
ration discharges with different densities but identical field
penetration thresholds. Here the density is measured by
the polarimeter-interferometer [33], the electron temperature
(T,) is measured by the electron cyclotron emission (ECE)
radiometer [34], and the toroidal velocity of plasma rota-
tion (Vp) is measured by the spectrometer filtered for Car-
bon V in the toroidal direction [35]. The occurrence time
of the field penetration is set to O s, indicated by the ver-
tical dashed line. Increases of the radial magnetic perturba-
tionof n =1, 3,5... (mainly n = 1) components at O s indic-
ate the excitation of the n = 1 locked mode (figure 2(b)).
A reduction in density is observed at the time of the field
penetration due to the confinement degradation effects of the
locked mode (figure 2(c)). The temperature shows a sawtooth
oscillation which disappears after the field penetration (fig-
ure 2(e)). The toroidal rotation decreases strongly in the dir-
ection of the ion diamagnetic drift after the field penetration
(figure 2(f)). These common transitions in both discharges
suggest the bifurcation of the plasma response to RMP from
shielding to amplification. Interestingly, some differences
between those two discharges can be also observed on the
width of the induced locked modes and impacts on the plasma
disruption.

Further information can be gleaned from comparison of
parameters at the time of O s. The density in #1047742 is
1.43 x 10" m—3 at the plasma core and 0.93 x 10" m—3
at the ¢ = 2 resonant surface, and it is 3.77 x 10" m~3 at
the plasma core and 1.83 x 10'” m~3 at the ¢ = 2 resonant
surface in #1047749. While the field penetration thresholds of
both discharges are 4.4 kA (1.10 mT), even if their central line
densities have ratio of 2.6. It is also observed that the plasma
rotations at the ¢ = 2 resonant surface measured before the
field penetration from both low- and high-density discharges
are fairly similar. This observation gives a hint that the plasma
rotation may play a more significant role on the field penetra-
tion threshold rather than that of the plasma density.
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Figure 1. (a) Dependence of the field penetration threshold on the core line-averaged plasma density, fitted by a cubic polynomial as the
dashed line. Two square symbols locate those discharges shown in figure 2. (b) line-averaged density at the ¢ = 2 resonant surface.

The impact of the density on the plasma rotation has
been investigated to clarify the role that the plasma rota-
tion plays in the field penetration process. Figure 3 shows
the toroidal rotation of plasma at the g = 2 resonant sur-
face against the core density, as well as its comparison with
the field penetration threshold. In this experiment with the
static RMP applied, the slip frequency is determined by the
MHD frequency. The MHD frequency is assumed to be the
same as the frequency of the electron fluid [36]. It consists
of the plasma rotation and the electron diamagnetic drift,
expressed as

= + 1
27Ry fe M

fo

where f, is the initial frequency of MHD and f: is the elec-
tron diamagnetic frequency. The poloidal plasma rotation is
neglected here [37]. The estimated f: at the ¢ = 2 resonant
surface is 1 kHz, much smaller than the general MHD fre-
quency (7-10kHz) in J-TEXT [20]. Therefore, its contribution
can be neglected and the slip frequency is mainly determined
by the plasma rotation Vj. It can be observed in figure 3 that
the plasma rotation is also non-monotonic with the increase
of the density, showing a similar trend as the density depend-
ence of field penetration threshold. This indicates that the non-
monotonic density dependence of the field penetration is prob-
ably a consequence of the non- monotonic density depend-
ence of the plasma rotation. Notice that the roll-over density
of the plasma rotation is 3.06 x 10'” m~3, and the roll-over
density of the field penetration threshold is 2.47 x 10" m~3,



Nucl. Fusion 60 (2020) 064003

Z. Huang et al

10

0FS 23

10 55
~s.-20

-30 S,

km/s)

v

()

-0.05

0.05 0.1

Time (s)

Figure 2. Time evolution of (a) plasma current, (b) radial perturbed field, (¢) line-averaged density at the plasma core and g = 2 surface, (e)
relative temperature at the plasma core, (f) toroidal rotation (direction of the electron diamagnetic drift is the positive direction). The
occurrence time of the field penetration is set to 0 s. (d) Profiles of density at the time of O s inversed from the line-averaged density.

To investigate the effects of the plasma rotation on the field
penetration threshold in different plasma conditions, two more
series of field penetration discharges were performed with the
controlled variable, plasma current, as 130 kA and 117 kA,
corresponding to the edge safety factor (g,) of 4.0 and 4.5,
respectively. The non-monotonic density dependence of the
field penetration threshold is observed in both conditions, so
is the non-monotonic density dependence of the plasma rota-
tion. Although the dependence curve of the field penetration
threshold varies, it shows a similar shape as the dependence
curve of the plasma rotation in corresponding condition. Here
the roll-over density is employed to characterize these two
dependence curve in different conditions as shown in figure 4.

Roll-over densities of the plasma rotation in g, of 4.0 and 4.5
conditions are 2.22 x 10 m~3 and 1.91 x 10 m—3, decreas-
ing with the increasing g,. Similarly, roll-over densities of the
field penetration threshold in g, of 4.0 and 4.5 conditions are
1.88 x 10" m—3 and 1.7 x 10" m—3, decreasing with the
increasing g, as well. This synergetic shift of roll-over densit-
ies in different conditions further demonstrates the close rela-
tionship between the plasma rotation and the field penetration
threshold. Besides, the difference of the roll-over density is
thought to come from other density-related effects which will
be discussed later. The closer roll-over densities in higher g,
indicate that these density-related effects become weaker with
the increase of g,. It should be noted that the plasma rotation
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Figure 3. Comparison of the field penetration threshold and the
plasma rotation. Roll-over densities are obtained where maximums
of the plasma rotation and the field penetration threshold are
located, indicated by vertical dashed lines.
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Figure 4. Comparison of the roll-over density between the field

penetration threshold and the plasma rotation. It should be noted
that the data points at the g, = 3.5 are corresponding to the cases
shown in figures 1-3.

in these experiments is sensitive to the plasma density due
to the effect of ion-orbit loss [38]. In conclusion, facts above
point to the density affecting the field penetration indirectly
via its effects on the plasma rotation. This raises the ques-
tion how important the density itself is for the field penetration
threshold.

To separate the impact of the plasma rotation and the dens-
ity on the field penetration threshold quantitatively, scaling

is performed in terms of the plasma rotation and the dens-
ity based on the data in figure 3. The observed field pen-
etration threshold is fitted by the cubic polynomial shown
in figure 1(a) and then scattered to the same sample as the
plasma rotation. The MHD frequency is estimated from the
measured plasma rotation by the experimental relationship as
fo=0.3V + 8.5(kHz, km s~!) [39]. By logarithmic lineariz-
ation of the scaling form (b./Br)crie = KnS"f," (K is propor-
tional coefficient and oy is the coefficient of plasma rotation),
one can obtain

In(b,/Br)crie = InK + oy, lnn, + oyinf,. (2)

The coefficient K, «,, o can be figured out via the mul-
tiple linear regression by the data set of b,,n.,f,. The
non-monotonically varied plasma rotation holds strong non-
linearity with respect to the density. This guarantees the
uniqueness and robustness of the fitting result. The resulting
scaling is obtained as

—0.18-20.04 £1.04-£0.25
(by/Br),; X 1, 1o .

3

Errors are the 95% confidence boundary. In the cases of
g, = 4.0 and g, = 4.5, the obtained coefficient of plasma rota-
tion oy and plasma density o, satisfy equation (3) within the
error. The proportional coefficients K of g, = 3.5, 4.0, and
4.5 cases are 0.85, 0.88, and 0.99, respectively. Equation (3)
shows an almost linear dependence of the field penetration
threshold on the plasma rotation. Single fluid MHD theory
[40] exhibits regimes with the same linear dependence. It is
also demonstrated by the numerical study [41] and the experi-
mental observation [24]. Besides, equation (3) shows a neg-
ative and weak density dependence n; %% of the field pen-
etration threshold. It should be noted that, in these plasmas,
the variation of the electron diamagnetic frequency at the
q = 2 surface is estimated to be within 1.5 kHz. When tak-
ing into account the dependence of the diamagnetic frequency
on the density, the weak density dependence and linear rota-
tion dependence of the field penetration threshold can be still
observed from the scaling analysis. A comparison of the field
penetration threshold between the experimental observation
and the prediction based on the scaling equation (3) in the
case of g, = 3.5 with the measured plasma rotation and dens-
ity is shown in figure 5. The dotted line in figure 5 shows the
density trace. The field penetration threshold increases from
1.1 mT to 1.4 mT and then decreases from 1.4 mT to around
1.2 mT along the dotted line with the increase of density.
Here, the experimental data used in figure 5 is corresponding
to that plotted in figure 3. Similar to the principle of the Lissa-
jous curve [42], the close trajectories of the ascending branch
and descending branch shown in figure 5 indicate that there is
no phase difference (roll-over density difference) between the
predicted threshold and the experimental threshold. It indic-
ates that the slight difference of roll-over densities between the
plasma rotation and the field penetration threshold (figure 3) is
caused by the weak negative density dependence.
This density dependence n; '8 is completely different
from the previous positive and strong dependence (n0-> and
n!) in the empirical scaling. J-TEXT exhibits the n’-> scaling
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Figure 5. Comparison of the field penetration threshold between the experimental observation and prediction in the condition of g, = 3.5.
The corresponding density of each point increases along the dotted line. Trajectories are classified by the increasing threshold from 1.1 mT
to 1.4 mT (ascending bracnch) and decreasing threshold from 1.4 mT to around 1.2 mT (descending branch).

before entering a high density region ((2.7-4.3) x 10" m—3)
where the non-monotonicity appears in the density depend-
ence of the plasma rotation. The empirical scaling for other
machines might be similarly affected and a non-monotonic
density dependence of the field penetration might appear
as well in an expanded density range. The observed non-
monotonic field penetration threshold here is beneficial for the
clarification of the impacts of the density from other factors.
Moreover, it is hard to say that the weak density dependence
n; %18 is a direct physical effect of density. Theory indic-
ates that there are different regimes of the field penetration
related to plasma parameters [40]. Work in [22] derived a
general form of the field penetration threshold in different
regimes as (b,/Br),,;, o n2ry, “"Te1fy’. Here 7y is the vis-
cosity diffusion time. A possible explanation of the exper-
imental density dependence is the following: The depend-
ence T, x n, is derived employing the Neo-Alcator scaling
[40, 43], so no density dependence of the field penetration
threshold should be observed in principle. The n;%!® dens-
ity dependence might be due to an effect of the plasma
temperature. It is observed in the experiment that the tem-
perature decreases with the increase of the density accord-

ing to the relationship T, o n; -93%0-24 a5 shown in figure 6.

Combining with equation (3) and the relationship of density
at the g = 2 surface (figure 1(b)), one can obtain the scaling
as (b,/Br),,;, o< Tofy*, approximately consistent with the
Rutherford regime and Transition regime [22, 40].

In these experiments, the low-density region
(ne < 1.0 x 10" m~3) was not investigated due to the opera-
tional limits of J-TEXT. It does not rule out that the previous
empirical density scaling of the field penetration threshold
may be still availed at the low density as a problematic regime
in driving the locked mode. Besides, due to lack of external
momentum injection methods on J-TEXT, the field penetra-
tion threshold was not possible investigated in a large range of
plasma rotation and with different rotation generation mech-
anisms. Future work to clarify the role of the plasma density
and rotation in the field penetration threshold in a larger oper-
ational domain is needed.

In summary, experiments of the m/n = 2/1 field penetra-
tion were performed in ohmic plasmas on the J-TEXT toka-
mak. The field penetration threshold was observed to vary
non-monotonically with the increase of density. This is differ-
ent from most of the previous results and can not be accom-
modated into the empirical density scaling. With the disen-
tanglement of density and rotation dependences carried out, it
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Figure 6. Dependence of the relative electron temperature on the
plasma density in the case of the g, = 3.5.

is revealed that there is only a weak or even no dependence
of the field penetration threshold on the density and a linear
dependence on the plasma rotation. This result is not only fun-
damentally important for the prediction of error field tolerance
in magnetically confined fusion devices, but also opens a ques-
tion on the role of density in the forced magnetic reconnection
process in magnetized plasmas.
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