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Abstract
Improved confinement caused by Ne injection is investigated in EAST. The safety factor q
profile and electron-scale turbulence are studied with a polarimeter-interferometer system and
CO2 laser collective scattering system in a series of Ne injection experiments in EAST. Ne with
a suitable injection rate can lead to negative magnetic shear in the plasma core, which promotes
electron-scale turbulence suppression. The continuous injection of Ne under the reversed shear
condition further reduces the electron-scale turbulence intensity. Core electron temperature
increase and confinement improvement are observed. QuaLiKiz is applied to model the
influence of an impurity and reversed q on turbulence. The combination of stabilization effects
of negative magnetic shear and Ne on turbulence is much stronger than the impurity’s own
effect, which could explain the experimentally observed electron temperature (Te) increase and
turbulence suppression. Besides, the relationship between pedestal structure induced by Ne
injection and lower hybrid wave (LHW)-driven current deposition is discussed. These results
provide a new perspective to improve the confinement in the case of Ne injection, i.e. to adjust
the Ne injection to modify the ideal plasma equilibrium.
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1. Introduction

The divertor heat load in ITERwill exceed by several times the
tolerable plasma-facing material limits [1]. One of the envis-
aged solutions is to use impurity seeding (such as nitrogen (N),
argon (Ar) and neon (Ne)) to form a steady-state edge radiation
layer, and this has been proved in ASDEX Upgrade [2–4],
JET [5, 6], DIII-D [7], JT-60 U [8, 9] and Alcator C-Mod [10,
11]. The impurity ions can greatly enhance the radiation losses
and plasma dilution resulting in lower fusion power [12–17].
However, the impurity effect has been observed in tokamaks
with a degree of confinement improvement in the plasma core
[15, 18–23]. However, the role of impurities in transport is
hitherto unrecognized.

The main theoretical progress has so far been devoted
to the anomalous transport of energy, primarily induced by
drift wave instabilities such as ion temperature gradient (ITG)
modes [24] and electron temperature gradient modes [25],
trapped electron modes (TEMs) [26], and kinetic ballooning
mode. The analysis of impurity impacts on turbulence is of
particular interest as impurity induced turbulence suppression
is a potential candidate responsible for the impurity included
confinement improvement. Turbulence measurements have
been compared with theory calculations for DIII-D and indic-
ate that the impurity content can influence the linear stability of
the long-wavelength modes [27]; one plausible explanation of
this experimental finding is Ne injection leads to E × B velo-
city shear suppression [28]. The numerical results indicate that
impurity effects on the turbulence depend on the density pro-
file, temperature profile and the dynamics of the impurity ions
[29]. Impurity ions have substantially destabilizing (stabiliz-
ing) effects on TEMs in isotope plasmas for Lez ≡ Lne/Lnz > 0
(<0), opposite to the case of ITG-driven modes [30]. Impurity
mode and the ITG could be strongly coupled to each other [31].
Theoretical work shows that impurity ions could significantly
decrease the frequency of the geodesic acoustic mode (GAM)
and increase its damping [32], resulting in enhanced turbulent
transport [33–35].

Electron-scale turbulence (such as TEM turbulence) tends
to be an important contributor to anomalous transport in
present and future fusion experiments that rely on power-
ful electron heating. Theoretically, negative (reversed) or low
magnetic shear act to reduce high-k turbulence growth rates,
thus facilitating electron-scale turbulence reduction [36–38].
Impurity injection could modestly change the profiles of
density, temperature and current. Impurity induced magnetic
shear effects on turbulence have also attracted some attention
recently. The formation of a negative shear q profile in DIII-D
creates the conditions for internal transport barrier (ITB) gen-
eration by lowering the pressure profile of the pedestal to allow
more current to be deposited in the core [18]. The numerical
result indicates the impurity could lead to a more stable TEM
instability under negative magnetic shear [30]. The effects of
the impurity ions on electron-scale turbulence and the under-
lying mechanisms have not been experimentally identified so
far, in particular considering the effect of magnetic shear.

This paper will systematically present the characteristics of
electron-scale turbulence after Ne seeding on EAST, and the

results support Ne seeding rate playing an important role in
the evolution of the current profile that influences the electron-
scale turbulence. The rest of this paper is organized as follows:
section 2 introduces the experimental setup and the relation-
ship between Ne injection and confinement improvement is
the focus of section 3, followed by the simulation results in
section 4. The reason for the equilibrium variation is discussed
in section 5. Finally, a brief conclusion is given in section 6.

2. Experimental setup

Experiments were performed on EAST, which has a major
radius of 1.85 m and a minor radius 0.45 m [39]. The max-
imum plasma current of EAST is 1 MA and the maximum tor-
oidal magnetic field is 3.5 T. EAST can be operated with upper
single null (USN), lower single null and double null config-
urations. Abundant plasma heating systems are available on
EAST, including an lower hybrid wave (LHW) system with
2.45 GHz and 4.6 GHz [40], an electron cyclotron resonance
heating (ECRH) system which has strong spatial localization
of power deposition [41], an ion cyclotron resonance heating
system [42] and a neutral beam injection (NBI) system with
four beam lines in which two are co-direction and two are con-
trary direction [43]. These heating methods can also drive the
current. The discharges used in this paper were selected from
the same campaign of experiments in 2018. All discharges
are of USN configuration with a toroidal field of about 2.5 T.
LHW, NBI and ECRH are the main auxiliary heating methods.

A Thomson scattering (TS) system is used to provide Te

profiles [44], while Te evolution is observed with anelectron
cyclotron emission (ECE) system [45]. The toroidal field is
suitable for the ECE system and the ECE data matches well
with TS. Ion temperature was measured by an x-ray imaging
crystal spectrometer (XCS) system [46]. An extreme ultravi-
olet spectrometer (EUV) system was applied to directly meas-
ure Ne content in the core of the plasma [47]. The change in
Ne content plays an important role in these experiments. The
polarimeter-interferometer (POINT) system has 11 horizontal
measurement chords, with each spaced 8.5 cm apart, symmet-
rically covering most of the plasma [48]. The POINT system
can measure line-integrated electron density and Faraday rota-
tion angle simultaneously and, by using this information as an
additional constraint in EFIT code, the safety factor q and the
current profile can be inferred [49]. Turbulence is monitored
by a CO2 laser collective scattering system [50]. Electron-
scale turbulences with kθ = 12 cm−1 and kθ = 22 cm−1 in
the plasma core ρ = 0−0.4 are monitored by the diagnostics
in the experiments.

Improved confinement is observed after Ne injection in a
typical shot #80443. Figure 1 shows the basic parameters of
this shot. Plasma current Ip is 450 kA and toroidal field is
2.5 T. The impurity is injected as a gas mixture from the upper
outer divertor target and the gas is a 5% Ne and 95% D2 in
this shot. The triggering time for impurity injection is 4 s and
the time delay is about 100 ms. At 4.3 s, the feedback control
system starts to intervene and the Ne level increases slowly.
For the sake of illustration, we define the fast injection phase
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Figure 1. Parameters of shot #80443. (a) Line integrated electron
density (ne) measured by POINT system. Black line is the result of
chord 6 and red line is the result of chord 1, which are core and
boundary density, respectively. (b) plasma stored energy WMHD, (c)
confinement quality H98, (d) evolution of core electron temperature
measured by ECE system, (e) evolution of core ion temperature (T i)
measured by XCS system, (f ) Ne seeding rate (VNe) from the upper
outer divertor, (g) total radiation power (Prad) and intensity of NeX
measured by EUV system, (h) heating power of RF waves and NBI.
The region between vertical red dotted line and vertical blue dotted
line is defined as step 1, which is rapid injected phase of Ne. The
time period after the blue vertical dashed line is defined as step 2,
which is the feedback control phase, where Ne content rises more
slowly.

of Ne between 4 s and 4.3 s as step 1, which is enclosed by
the red and the blue verrtical dotted lines in figure 1, and we
define the feedback control phase after 4.3 s as step 2, which
includes the right-hand side of the blue dotted line in figure 1.
The Ne seeding rate from the upper out divertor is shown in
figure 1(f ), while it should be noted that the seeding rate is not
linear with the Ne content change rate in the core. Figure 1(a)
shows the line integrated density measured by the POINT sys-
tem: the black line is the result of chord 6 with measured the
position at Z = 0 cm, and the blue line is the result of chord 1
with measured the position at Z = 42.5 cm. After Ne is injec-
ted, both core and boundary density rise transiently (as shown
in figure 1(a)). Plasma density is stable in step 2. Ne is fully
ionized under these discharge conditions, and therefore NeX
intensity was used to label the amount of Ne in the plasma. The
relative intensity of NeX is shown in figure 1(g). The total radi-
ation power shows the same trend as the Ne content (shown in
figure 1(g)). Injected Ne causes a certain amount of radiation

loss. Plasma storage energy and the plasma confinement factor
drop transiently after 4 s (figures 1(b) and (c)).

At step 2, although total plasma radiation intensity continu-
ing to increase, the plasma stored energy and H98 are increas-
ing and exceed the levels before Ne injection. Specifically, the
plasma stored energy increases from 170 kJ to 185 kJ, while
heating power keeps constant as shown in figure 1(h). In step 2,
Te in plasma core continuously increases (figure 1(d)), while
T i and ne do not show notable variation. The increase of Te

may be the main factor of storage energy increase.

3. Relationship between Ne injection and
confinement improvement

Statistics results of Ne injection experiments with similar dis-
charge conditions are studied. In these shots, we define two
steps as in #80443. In step 1, plasma pressure and current has
been redistributed. At the end of step 1, a new equilibrium has
been established. The plasma evolution in step 2 is based on
the equilibrium of step 1.

3.1. Relationship between Ne injection and Te increase

Figure 2 shows the evolution of relative Ne content variation
in data base. Blue, green and red lines correspond to slow, suit-
able and fast speed of the increase in Ne content, respectively.
Figure 3 shows the relation of Ne content change rate and Te

change rate. Ne content change rate is defined as NeX intens-
ity change rate normalized by electron density and plasma cur-
rent. And change rate of electron temperature is calculated in
step 2.

In figure 3, red dashed line identifies the location where
electron temperature change is zero. The two vertical black
dashed lines enclose an interval of rising rate of Ne content,
in which electron temperature increases, while outside the
interval, electron temperature tends to decrease. In the exper-
imental conditions, there is a suitable range of Ne content
change rate. Within this range, the injection of Ne can lead
to electron temperature increase. Shots within the interval are
corresponding to the green lines in figure 2, shots with Ne con-
tent change rate below and exceed the interval are correspond-
ing to the blue and red lines in figure 2, respectively. Different
Ne content change rates in the step 1 (0.3 s) can result in dif-
ferent plasmas states in step 2 (shown in figure 3).

3.2. Relationship between Ne injection and turbulence

Electron-scale turbulence dominate anomalous transport
in electron-heating dominated EAST experiments [51–53].
Turbulences at electron-scale (1< kθρs < 2) in plasma core
(ρ∼ 0− 0.4) are monitored by the CO2 laser collective scat-
tering system. To research the nature of plasma after Ne seed-
ing, turbulence evolution is studied in two phases.

Figure 4 shows the evolution of turbulence with Ne injec-
tion in step 1. In this step, Te decreases and amplitude of
electron-scale turbulence (at kθ = 12 cm−1) behaves differ-
ently. There is an interval in which turbulence is suppressed
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Figure 2. Relative Ne content evolution in the data base. X axis is
relative time, t = 0 s is defined as Ne injection time. Three different
colored curves represent different Ne content change rate, where red
lines are fast Ne seeding rates, green lines are suitable Ne seeding
rates, and blue lines are slow Ne seeding rates. The different color
curves correspond to the corresponding color points in figure 3.
With different Ne seeding rates, the electron temperature has
different trends.

Figure 3. Relation of Ne content change rate to relative variation of
turbulence amplitude with kθ = 12 cm−1 at step 1. Here,
∆S = S1−S0, where S1 and S0 are the amplitude of turbulence
measured by CO2 system at the end and beginning of step 1.

with high probability. Turbulence suppression implies confine-
ment improvement. It is worth noting that the interval is the
same as that shown in figure 3. Figure 5 shows the evolution
of turbulence with Ne injection in step 2. In step 2, all electron-
scale turbulence in the interval is further suppressed, the max-
imum reduction of integrated turbulence power is half. And
the average reduction ratio is about 30%, which is higher than
that outside the interval. Turbulence suppression in step 1 and
step 2 may be the reason of Te increase in step 2.

There may be some mechanisms that promote turbulence
suppression in the first stage and are favorable for turbulence
suppression in the second stage. Thesemechanisms are associ-
ated with Ne seeding at a certain rate. Turbulence is driven by
free energy in plasma, Ne seeding may redistribute the free
energy in the plasma or introduce some kind of turbulence
suppression mechanism (such as E×B flows, magnetic shear,
etc). The possible mechanism behind the turbulence evolution
in this interval is described in the next section.

Figure 4. Relation of Ne content change rate to electron
temperature change rate. (The color of the marker matches with
figure 2).

Figure 5. Relation of Ne content change rate to relative variation of
turbulence amplitude with kθ = 12 cm−1 at step 2. Here,
∆S = S1−S0, where S1 and S0 are the amplitude of turbulence
measured by CO2 system at the end and beginning of step 2.

3.3. Magnetic field shears evolution after Ne injection

There are several factors that could affect the turbulence,
including Shafranov shift, impurity itself and magnetic shear
and so on. Magnetic shear in this interval is studied in this
section. Magnetic shear evolution could be monitored by
POINT system. Figures 6(a) and (b) show the line integ-
rated density and Faraday rotation angle before (3.9 s) and
after (4.3 s) step 1 in #80443. Data of chords at Z = 35 cm
and Z = −17 cm do not shown here as laser loss are too
much in this shot of these two chords. For POINT meas-
urement, Faraday rotation angle is expressed as ΨF = 2.62×
10−13λ2∫neB∥dl. ΨF is Faraday rotation angle in each chord,
λ is laser wavelength, for POINT system the λ is 432 µm, ne
is plasma density and B∥ is the poloidal magnetic field parallel
to the diagnostic chords. Comparing the data of 3.9 s and 4.3 s,
line integrated density shows slight increase in all chords. In
general, increase of density will bring the increase of absolute
value of Faraday rotation angle when the magnetic field shows
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Figure 6. Comparison of (a) line integrated density, (b) Faraday
rotation angle before (black, 3.9 s) and after (red, 4.3 s) Ne injection.

not much changes. Error of measurement by stray light has
been eliminated offline. Therefore, absolute value of Faraday
rotation angle in chords at Z = 8.5 cm and Z = 0 cm shown
in figure 6(b) should be from the variation of poloidal field.
Because five and six channels cross the central position of
plasma, they have the longest length through the plasma, and
optical paths of the two channels and plasma boundary con-
necting the two channels can form a loop when viewed from
the perspective of a poloidal profile. On the one hand, plasma
boundary is sufficiently short with respect to the optical path,
and on the other hand the polar magnetic field at the boundary
is relatively weak, so the loop can be conceived as an Ampere
loop, whereby the magnitude of toroidal current between five
or six channels, the strength of toroidal current in the core,
is reflected. Ampere’s law

¸
LBθ · dl= µ0Iϕ is applied here,

where L is length of the loop, Bθ is poloidal field and Iϕ is
toroidal current. By this method it can be easily observed that
this decrease in core ring current is prevalent in the discharges
where the temperature of the electrons is counted to rise. Core
current reduction implies an increase in q0.

The q profile of 3.9 s and 4.3 s are shown in figure 7. The
calculation is based on EFIT code and using POINT measure-
ment as additional constraint. The q profile of 3.9 s shows a
positive shear while after Ne injection, due to the reduction of
core current, q0 increases and q profile evolved into a weak
reversed shear. The qmin position is near ρ about 0.2 where
the electron temperature rises fastest. Reversedmagnetic shear

could be the reason of electron-scale turbulence suppression,
meanwhile simulation in the next section shows the effect of
reversed magnetic shear on turbulence suppression.

4. Simulation

To the underlying mechanism for experimental observations,
latest updated QuaLiKiz [54, 55] is applied to model the
influence of impurity and observed reversed q on turbu-
lences. In QuaLiKiz, TEM and ITG are included with pol-
oidal wave number spectrum kxρs in the range of 0.1–2, with
ρs = msvth,s/(eB), and radial wave number is taken at kxρs =
0. Quasilinear weight is given by γ/ < k2⊥ >, with the oper-
ator<> being an average over mode structure along field line.
Electron, deuterium (main ions) and carbon are included in
the modeling. lack of impurities’ density profile measurement,
carbon’s content is calculated from Zeff. Ne is also included
for the phase with impurity seeding and its content is calcu-
lated from the additional increased Zeff (δZeff). Density pro-
files of Ne is set to be same as ne. No toroidal rotation is
included.

As shown in figure 7, reversed q begins to appear at ρ∼ 0.2,
where Te also increases most evidently. Thus, the simulation
is focused on this position and the basic parameters are listed
in table 1. The data are chosen from shot #80443 at 3.9 s with
positive q profile and Ne is not seeding in this moment.

As shown in figure 8, TEM can be found from kxρs ∼
0.3−1.2. Influences of Ne and weakly reversed .q induced
by Ne seeding in step 1 are compared by including Ne with
δZeff = 0.2 and replacing the q profile with the weakly reversed
q (q = 1.58, ŝ = −0.02), separately. It can be seen in figure 8
that turbulence can be both stabilized by Ne and reversed q,
but stabilization effect of latter is more evident, implying in
the first step the reversed q is the main contributor to sta-
bilize TEM. This agrees well with experimental observation
that turbulence is observed to be stabilized in the case with
reversed q.

To study the Ne effect on turbulence evolution in step 2,
δZeff = 0.8 are included with positive and negative magnetic
shear, respectively. As shown in figure 9, it is found that when
Ne is included in the case with reversed q profile turbulence
can be further stabilized, which is consistent with experimental
observations as shown in figure 5. On the other hand, com-
bined with reversed q profile, Ne could further suppress the
turbulence than it act alone, especially in the range of low
kxρs which drives more significant electron heat flux. This
could explain the experimental observation of Te and turbu-
lence variation tendency. In the case without reversed q pro-
file, it is also expected to observe higher Te due to the tur-
bulence suppression from Ne itself. While the negative result
should be from the reason that the stabilization effect cannot
compensate energy loss brought by the cooling effect from
Ne radiation. Ne impurity could lead to a more stable TEM
instability under negative magnetic shear. And finite cool-
ing effect by Ne radiation combined with efficiently TEM
suppression with the reversed q in the interval, leading to
higher Te.
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Figure 7. Calculated q profiles before (black, 3.9 s) and after (red,
4.3 s) Ne injection.

Table 1. Parameters for # 80443 at 3.9 s. Here,

LTe =−
(

1
Te

∂Te
∂R

)−1
,LTi =−

(
1
Ti

∂Ti
∂R

)−1
,Lne =−

(
1
ne

∂ne
∂R

)−1
, ŝ is

the magnetic shear and ν∗ is collisional rate.

ρ Te/T i R/Lne R/LTe R/LTi ŝ q Zeff ν∗

0.2 2.17 4 12 2 0.19 1.02 1.65 0.4

Figure 8. Simulation of step 1. Comparison of normalized
(a) growth rate and (b) frequency of TEM in different conditions.
Blue line is the simulation result from basic parameters with
positive q profile shown in table 1. Red line and black lines are the
simulation results of changing the magnetic shear and δZeff = 0.2.

5. Discussion

Control of magnetic shear is an important topic for the oper-
ation of future devices and fusion reactors. Modulation of the

Figure 9. Simulation of step 2. Comparison of normalized (a)
growth rate and (b) frequency of TEM in different conditions. Blue
line is the simulation result from basic parameters with positive q
profile shown in table 1. Red line is the simulation result with
reversed magnetic shear. Black and pink lines are the simulation
results of changing δZeff = 0.8 in positive and negative magnetic
shear conditions, respectively.

current profile can change the safety factor distribution. In
this paper we have shown that the presence of weak reversed
magnetic shear contributes to the increase in core electron tem-
perature. A suitable rate of increase for Ne content could influ-
ence the current distribution. For #80443 we propose a con-
jecture. As on-axis ECRH and NBI always drive the current
in the core, current distribution variation in the core could be
from the change of LHW deposition and bootstrap current dis-
tribution. The bootstrap current is related to the pressure pro-
file. When Ne is injected, electron density in the core shows
little increase, while Te and T i decline. Variation of core pres-
sure could lead to a change of the core bootstrap current dis-
tribution. On the other hand, the efficiency of LHW could
be affected by effective charge number Zeff, pedestal density
and the average plasma temperature. All these factors could
be changed after Ne injection. Comparison of the deposition
current of LHW before and after Ne injection has been made
using GERAY and CQL3D code [56]. Results are shown in
figure 10. Before Ne injection, there is a part of the LHW driv-
ing current in the core region, while after Ne injection this part
of the current decreases, leading to a reduction of the total
deposited current in the core. In order to verify which para-
meter plays a greater role in the condition of shot #80443, dif-
ferent parameters are changed artificially and other parameters
kept constant, and LHW deposition distributions are studied.

In figure 10, with higher Zeff (blue line), the LHW
deposition distribution is nearly the same as that at 3.9 s. The
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Figure 10. Deposition of LHW before (3.9 s, light green line with
pentagram mark) and after (4.3 s, red line with circle mark) Ne
injection. Based on the profiles of 3.9 s, the deposition distribution
of LHW is calculated by changing different parameters separately.
The pink line is the result by using Te at 4.3 s which is lower than
3.9 s. The brown line with square marks is the result of using the ne
profile at 4.3 s, which has higher pedestal density than at 3.9 s. The
dark green line with diamond marks is the result of using the q
profile at 4.3 s which has weak reversed magnetic shear. The blue
line with cross marks is the result of using Zeff at 4.3 s. The black
dotted line with hexagram marks is the result of using the ne profile
which has much higher pedestal density than 4.3 s.

Figure 11. Electron density change in the pedestal of five typical
shots.

result with lower Te (pink line) shows little difference from
the result at 3.9 s. This implies that these two factors are
not the key factors in this condition. The q profile at 3.9 s
is replaced by the q profile at 4.3 s, and the result, shown
in a dark green color in figure 10, indicates that reversed
magnetic shear could reduce LHW-driven current in the core
region, while the LHW-driven current deposits much more in
the outer. The brown line is the result of using a density pro-
file of 4.3 s, with higher pedestal density than 3.9 s; LHW-
driven current deposition shows a clear reduction in the core.
Further increase of pedestal density is shown by black dotted
line in figure 10, as LHW-driven current deposition reduces in
the whole region. LHW-driven current deposition is sensitive
to the pedestal density and higher pedestal density will stop
the wave from penetrating deeper, thus deposition of LHW in
the core shows a reduction in figure 10. Figure 11 shows the

relation of pedestal density and Ne content change rate in typ-
ical shots: with higher Ne content change rate, the pedestal
density could be even higher. Pedestal density is an important
factor that affects the deposition of LHW-driven current. This
may be the reason for the appearance of reversed magnetic
shear with a finite rate of increase for the Ne content.

The control of LHW deposition position is an important
problem. Based on the idea that the pedestal density regu-
lates the position of LHWcurrent deposition, Li injection [57],
plasma configuration [58] and supersonic molecular beam
injection [59] may also be the means of LHW generating off-
axis current. More experiments could be done in the future to
verify it.

6. Conclusion

In summary, a study of Ne injection with improved confine-
ment has been performed on EAST. Ne injection with a finite
rate can change the equilibrium with reversed magnetic shear
of the plasma and promote improvement of the confinement.
A reversed q profiles can lead to a reduction of turbulence,
which has been proved by the CO2 laser collective scattering
system. These experimental results are supported by simula-
tion using QuaLiKiz code. Simulation results show that Ne
impurity can lead to a more stable TEM instability under neg-
ative magnetic shear. A finite cooling effect by Ne radiation,
combined with efficient TEM suppression with the reversed q
in the interval, may be the reason for higher Te and confine-
ment improvement. Impurity injection induced pedestal struc-
ture change leads to the varition of LHW-driven current depos-
ition is also discussed.

A new perspective on impurity injection-induced confine-
ment improvement is presented. For the ITER-like RF heat-
ing tokamak, equilibrium reestablishment by impurity injec-
tion should be considered. Maximizing the beneficial effect of
impurity injection and allowing it to be dominant in front of the
deleterious effects of impurity injection could help us to pro-
mote better plasma confinement. To promote rather a positive
impact of impurities on fusion power, it is necessary to further
study the influence of impurity injection on the pedestal and
the influence of impurity injection on turbulence suppression.
Exploring suitable impurity injection methods is important for
future fusion devices.
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