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SPECIAL TOPIC — Plasma disruption
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The generation of runaway electrons (REs) is observed during the low-density helium ohmic plasma discharge in the
Experimental Advanced Superconducting Tokamak (EAST). The growth rate of hard x-ray (HXR) is inversely proportional
to the line-average density. Besides, the RE generation in helium plasma is higher than that in deuterium plasma at the
same density, which is obtained by comparing the growth rate of HXR with the same discharge conditions. The potential
reason is the higher electron temperature of helium plasma in the same current and electron density plateau. Furthermore,
two Alfvén eigenmodes driven by REs have been observed. The frequency evolution of the mode is not fully satisfied
with the Alfvén scaling and when extension of the Alfvén frequency is towards 0O, the high frequency branch is ~ 50 kHz.
The different spatial position of the two modes and the evolution of the helium concentration could be used to understand
deviation between theoretical and experimental observation.

Keywords: helium plasma, runaway electron, toroidal Alfvén eigenmode (TAE), Experimental Advanced Su-

perconducting Tokamak (EAST)
PACS: 52.25.Xz, 52.70.Nc, 52.35.Bj, 52.55.Fa

1. Introduction

The helium plasma operation is planned in the Interna-
tional Thermonuclear Experimental Reactor (ITER) during
pre-fusion power operation, so the negative effect caused by
the neutrons can be avoided.!'-3] Helium plasma disruption
can potentially cause serious damage to the divertor and the
first wall. Runaway electrons (REs) of several mega Amperes
are expected to be generated during ITER deuterium and he-
lium plasma disruption. Fruitful experiments have been done
to address RE behaviors during both the flattop and disruption
phases in deuterium plasmas. Note that the difference due to
the effective charge number of the plasma (Z.¢) between he-
lium and deuterium plasmas can further contribute to distinc-
tion in plasma confinement, so it is essential to have an exper-
imental understanding of RE behaviors in the helium plasmas.

The physics understanding of RE generation is that the
driving force on electrons exceeds the collisional drag force

from plasma particles, which results in electron acceleration.
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When the toroidal electric field exceeds the critical field 43!
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electrons with momentum higher than the critical momen-
tum my. would enter the runaway regime. Here, n. is the
electron density and InA is the Coulomb logarithm. Sev-
eral mechanisms can cause electrons to run away, includ-

ing the Dreicer generation,! hot tail RE generation,[!!~14]

(161 radio-frequency wave

RE avalanching,!"! tritium decay,
heating!!>!71 and Compton scattering of y-rays from the ac-
tivated wall. During the flattop, the Dreicer generation is the
dominant primary RE mechanism and creates adequate RE
seed population which is further amplified by the secondary
RE generation named avalanche mechanism.

On the other hand, there are some limits on the maximum
energy the REs can reach, which are set by, amongst others,

n,[15,16

bremsstrahlung radiatio ! synchrotron radiation,'®! drift

[19

orbits, ') magnetic field ripples?%! loop voltage and magnetic
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turbulence.?!?>) These phenomena can limit the energy of
REs, remove the REs from the confined plasma and damp
the RE current. Especially, observation of whistler waves, [23]
Alfvén eigenmodes (AEs)?* and other kinetic instabilities in
the MHz range!>! driven by REs can account for anomalous
RE dissipation, suggesting that kinetic instabilities could be
considered to be one possible way to cause the controllable
RE losses.

In this paper, we observe RE behavior in helium plasma
during low density ohmic discharge in EAST and analyze its
some characteristics. This paper is organized as follows. Sec-
tion 2 introduces the basic settings and observed results of con-
cerned experiment represented by the typical discharge of shot
87059. Section 3 describes the performance of RE production
in helium plasma, and explains the reason why there are more
REs in helium plasma. In Section 4, we presents the Alfvén
eigenmodes driven by the RE in helium plasma and discusses
the causes for the difference between the mode frequency and
the statistical consequences. The conclusion of this paper is

given in Section 5.

2. Experimental setup

The experiment is performed with non-circular cross sec-
tion in low-density helium ohmic plasmas in Experimental
Advanced Superconducting Tokamak (EAST) which is a full
superconducting tokamak device. Crucial parameters are pre-
sented as follows: major radius R = 1.85 m, minor radius
a = 0.45 m, toroidal magnetic field B, = 2.5 T, the plasma
current I, = 400 kA-500 kA, the line-averaged electron densi-

ties in the range of 0.5 x 10! m—3-3.0 x 10!° m3, and the
helium concentration in the range of 30%—-80%. The elec-
tron temperature (7¢) is measured by multi-channel electron
cyclotron emission (ECE) and Thomson scattering (TS)!%%!
system. Besides, hard x-ray (HXR) and ECE diagnostics can
measure the radiation, and to some extent can be applied to
represent the quantity of REs because of distinguished mech-
anisms. The ECE measures superthermal cyclotron radiation
and HXRs are correlated with bremsstrahlung radiation, which
refers to any radiation due to slowing of electrons. Because
the CdTe detector possesses higher stopping power,?”l as a
result, HXR can measure REs in higher energy bands, specif-
ically in the range of 30 keV-300 keV.[?”-?8] Figure 1 presents
the detailed toroidal locations of the essential diagnostics and
poloidal view of HXR in EAST. Furthermore, the directions

of plasma current and toroidal magnetic field are also noted.

Mirnov colis
Arrays C

Mirnov coils
Arrays K

Fig. 1. (a) Toroidal views of essential diagnostics ECE, HXR and Mirnov
coils. The directions of the plasma current and toroidal magnetic field
are also presented. (b) View of poloidal HXR system and the location of
HCN interferometer.
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Fig. 2. Time trace of helium plasma in shot 87059 and 86831 showing (a) and (d) ratio of toroidal field to critical field and plasma current I,
(b) and (e) plasma line-averaged density n. and loop voltage Uyqop, (¢) and (f) HXR for CdTe and ECE signal.
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Figure 2 presents two typical helium ohmic plasmas in
which both of them are accomplished with the divertor con-
figuration, however, with different electron density evolution.
One discharge with the electron density ramp-down is set to
characterize RE onset and the other with the constant elec-
tron density during the current platform is used to obtain RE
growth rate. In both discharges, the electron density reaches
maximum at ~ 2.5 s during current flattop. As shown in
Figs. 2(c) and 2(f), the strong hard x-rays (HXR) are detected
and indicate that RE has been produced in the current ramp-up
phase of the discharges. The ratio of toroidal field to critical
field %! is

Eloop _ Uloop/an
E.  &n.InA4mwelmec?

- Wioop (V)
Ne (1019 m—3) ’

2

which reaches up to 15 during current ramp-up, and subse-
quently decreases to 3 during the density ramp-up phase. The
value is larger than the threshold electric field for RE genera-
tion in the range of 6-11 in EAST deuterium plasmas,?! so
an initial RE population is created by the electric field during
the current ramp-up phase and then dissipated due to increased
collisionality.

In the first case, the line-averaged density is controlled to
decrease from 2 x 10" m~3 to 0.4 x 10" m~3 in Fig. 2(a),
which is used to characterize the RE onset. HXR gradually
rises to the peak and then decays at the beginning of the den-
sity ramp-down phase. Meanwhile, Ej,op/E. and ECE in-
crease when the Ejoop /E. exceeds a threshold value, HXR
reaches a turning point and dose not continue to decay while
density continues decreasing. The turning point is considered
to represent the appearance of threshold field and RE onset.
Differently, in the other case, Fig. 2(d) shows the discharge
with a constant density during the current platform. Unlike
the scenario with density ramp-down, Ejoop/Ec keeps a con-
stant and HXR decreases during the density platform phase,
which could provide a method to evaluate the dependence of
the HXR growth rate on plasma density.

3. RE generation in helium plasma

The quiescent operation regime with generation of a large
number of REs has been achieved in helium plasma. The ba-
sic experimental conditions including plasma current, toroidal
magnetic field and configuration are fixed in helium and deu-
terium plasma. However, inherent properties of helium and
deuterium plasma present certain discrepancies, which would
further lead to different RE behaviors. Take shots 87059 and
90950 for examples, and Fig. 3 presents the comparison of
key parameters relate to REs with the similar density evolu-
tion. The concentration of helium gradually increases due to
the helium gas injected during current ramp-up phase, and then
the gas puffing is turned off with the concentration of helium

reaching 65%. With no more helium injected, recycling of
stagnated deuterium on the device wall in flat-top phase fur-
ther declines the concentration of helium. The amplitudes of
ECE and HXR signals are both higher in helium plasma, re-
vealing that the yield of REs in helium plasma is higher than
that of deuterium plasma at the same density. Actually, the
homologous result has been observed during the whole dis-
charge.

El()()])/E(t

n, (101 m=3)

Time (s)

Fig. 3. Comparison of typical plasma parameters in helium and deuterium
plasma. The moments of 7, = 1.9 x 10! m~3 of helium and deuterium
plasmas are labeled by grey dotted line.

The HXR amplitude and its corresponding growth rate in
helium and deuterium plasma have been compared in Fig. 4.
It illustrates that in the same electron density, both of the two
values are higher in helium plasma. Moreover, two crite-
ria have been used to find out the threshold density for RE
generation, (i) the HXR signals transit from decay to growth
and (ii) the growth rate of HXR signals becomes lager than
0, respectively. The onset electron density for RE primary
generation is ~ 0.9 x 10! m™3 in helium plasmas, which is
~ 0.6 x 10! m~3 in deuterium plasmas, indicated in Fig. 4.

As shown in Fig. 4(b), the growth rate of HXR signals
is clearly lower in deuterium plasmas. Furthermore, Fig. 5(a)
statistically presents the RE growth rate of helium plasma is
generally higher than that of deuterium in a large range of elec-
tron density platform, suggesting that helium plasma is more
favorable for RE generation than deuterium plasma. Besides,
the detected RE growth rate linearly decreases with increas-
ing density, which can be interpreted as that with higher back-
ground plasma density, the effective cross-section of collision
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between REs and the bulk plasma increases. Larger collisional
cross-section will subsequently lead to more collisional loss,
and eventually, the production of REs is partly suppressed.
Figure 5(b) shows the threshold electric field Ey, for Dreicer
mechanism in helium plasma and deuterium plasma at the dif-
ferent plasma current platform. A larger Ey, /E, of deuterium
plasma than helium plasma is found in the same current plat-
form, and further proves that the helium plasma can trigger the

Dreicer mechanism more efficiently. [>°]

Amplitude of HXR (arb. units)

(b)

Growth rate of HXR (s71)

0.4 0.8 1.2 1.6

n, (10 m=3)

Fig. 4. Comparison of (a) HXR amplitude and (b) HXR growth rate
between helium plasma and deuterium plasma. The grey dotted line in
panel (b) represents the value at which the HXR growth rate is 0.

A certain moment at which the helium plasma and deu-
terium plasma possess the same electron density is selected
to perform the spatial distribution and amplitude of HXR sig-
nals as shown in Fig. 6. The maximum value appears in the
13-channel measurement due to the integrated line passing
through the core plasma. The HXR intensity is also affected by
Zetf, as bremsstrahlung is not only produced by REs hitting on
the wall of vacuum chamber, but also part of it is constituted by
bombardment of the collision between the REs and ions inside
the plasma. Moreover, HXR intensity from electron—ion col-
lision is proportional to Zeg. As a result, the HXR intensity in
deuterium is multiplied by the ratio of Z.¢ of helium and deu-
terium plasma to exclude the concern that helium plasma HXR
can process higher HXR amplitude caused by higher Z.¢. Fig-
ure 6 reveals that the HXR amplitude in the helium plasma
is always higher when the density is lower than the threshold

density for RE generation. This result confirms that the helium
plasma is conducive to the generation of RE as a whole.
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Fig. 5. (a) HXR growth rate as a function of electron density. (b) The
threshold electric field for Dreicer mechanism for helium and deuterium
plasma in different plasma current /.
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Fig. 6. Spatial distribution of HXR at the same electron density.

Whether the electron can run away to a certain extent de-
pends on if the accelerating electric field exceeds the critical
electric field. Since the E. is inversely proportional to the elec-
tron velocity of which the distribution function is closely cor-
related with temperature, the dependence of the critical elec-
tric field on velocity can be simply referred to electron tem-
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perature. Therefore, the number of the electrons exceeding
the runaway threshold is likewise related to 7. Several factors
can lead to the difference of RE quantity produced in helium
and deuterium. Atomic properties of helium are much differ-
ent from deuterium, which may contribute to significant dis-

5.39 Helium plasma

tinction on density or temperature profile
discharges with a similar density distribution are detected with
a bit higher electron temperature as shown in Fig. 7. The
electron temperature in helium plasma measured by Thomson
scattering is higher than that in deuterium plasma and the tem-
perature gap between helium and deuterium reaches up to a
few hundred eV, which is consistent with the results checked
by ECE diagnostic. The peak in the core may be due to the
uncertainty of diagnostic systems and the contribution of REs
to ECE signals.

ECE (D)

—— ECE (He)
2.0}

—-=-'T.8. (He) ==—=="T.S. (D)

T, (keV)

7

=

s 2t .
)

Z

S .

0 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0

p

Fig. 7. (a) Temperature distribution of helium and deuterium plasma
along normalized radii measured by Thomson scattering and ECE.
(b) The density distribution of helium plasma and deuterium plasma
along normalized radii measured by microwave reflectometry.

To further analysis the evolution of REs, a 0-D model, in-
cluding primary generation and secondary process, has been
applied with measured time-traces of plasma parameters. The
RE model is proposed in Refs. [7,31,32], with a plain settle-

ment of RE generation issue

dnrg NRE
= Spri =+ YswcHRE — . (3)
dr ~~ ~—— TRE
primary  secondary

The first term on the right-hand side in the Eq. (3) referring to
primary generation is given by

3
~2(147
Spri = kneVee €y i6 (1 +Z) exp

1

e (1 znte | @
where €(p c} = Eioop /E{D,c} is the normalized electric field,
Zer = Y imiZ% ) ¥iniZ;33 is the effective charge number of the
plasma, InA is the coulomb logarithm which depends on the
density and temperature, Vee = nce*InA/(4wedm?vl) is the
collision frequency, vy, = \/m is the electron thermal ve-
locity, and k = 0.21 +0.1153% is an order unity correction. RE
losses term is simply characterized by the confinement time
Trg- Note that only primary mechanism is in the scope of this
study at the RE onset.

According to Eq. (4), there is an inherent temperature
dependence in the primary RE generation growth rate for a
set value of Ejoop/ E..3?) Numerically, this can be understood
from the RE primary growth rate

d 3(1+Ze ) l 1 Z i
dntr ~NeVee€ 16 . exp l — + Lett

G

4e £

The RE growth rate is exhibited as a function of the Ejyop/E,
Zr and temperature, as shown in Fig. 8, in which the plasma
parameter 7, = 2 x 10" m™3 is applied in Eq. (5) and the
color bar represents the logarithmic value of the RE growth
rate. Figure 8(a) distinctly reveals that, for the case with the
fixed value of Ejgop /E., the RE growth rate of helium is higher
than deuterium. For all regions with Ejugp /E. less than 1.5
and electron temperature < 2.5 keV, the corresponding loga-
rithmic value of RE growth rate is less than 1072%, which in-
dicates that substantially no REs can be generated in the range
of ne < 1020 m=3.
corresponding value of Ejop/Ep and suggests that Ejop/Ep

The white solid lines are delegating the

should be at least larger than 0.02 to create a ponderable run-
away formation to occur.!3*! Despite that Eq. (5) predicts that
lower Zg of deuterium does favor to produce RE population,
helium plasma is more favorable to RE generation as shown
in Fig. 8(b), which demonstrates the RE growth rate is less
insensitive to Z.; compared with electron temperature. The
generation rate of RE is positively correlated with the T, as
a result, the magnitude and production rate of RE in helium
plasma precede them in deuterium plasma. Figure 8 also re-
veals that two conditions, including the electric field strength
larger than the critical electric field and the value of Ejoop/Ep
beyond the range of 0.01-0.02, need to be satisfied for the sig-
nificant RE production. Besides, in the case of the same den-
sity, more background electrons in helium plasma can access
the runaway area and provide more RE seeds for the avalanche
process.

With comparing RE behaviors in deuterium and helium
plasma, it is realized that the growth rate of hard x-rays is neg-
atively correlated with electron density, and the growth rate
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of HXR of helium plasma is higher than that of deuterium
plasma. This indicates that under the same discharge parame-
ters, helium plasma will produce more REs due to the higher
temperature. Considering the presence of multiple diagnostic
signals, more REs are confirmed to be generated in the helium
plasma, which further indicates that the effect of Z. on HXR
is not as sensitive as electron temperature here. The critical
electric field has a strong dependence on electron temperature
as derived from the source term of the RE. At the same time,
the corresponding electron density when the HXR growth rate
equals zero is consistent with the experimental value within

the error tolerance range.

2
1.8

1.6

T, (keV)

0.8

1.8 -10

1.6 logy=13.7 =

T_, (keV)

Fig. 8. The RE growth as a function of (a) electron temperature and
Ejoop/Ec, (b) effective charge number of the plasma and electron temper-
ature. White solid lines refer to Ejoop /ED.

4. AEs driven by energetic electrons in helium
plasma

The kinetic instability mainly changes momentum dis-
tribution of fast particles and the instabilities appear in
various discharges processes in the form of relaxation
oscillations. >3] The excitation of these instabilities such as
shear Alfvén wave (SAW) instabilities, may lead to scattering
of REs, and thus, a plausible mitigation of the damage caused
by the rapid loss of REs to the wall. Excitation of SAW insta-

bilities by REs has been observed in EAST deuterium plasmas
with the quiescent operation regime. Here, we present SAW
instabilities driven by REs in EAST helium plasmas. Since he-
lium has a different runaway behavior from deuterium, it may
cause differences in the manifestations of these instabilities.
Figure 9 shows the spectrum of magnetic fluctuation and
typical plasma parameters related to the runaway discharge.
Several modes have been observed from Mirnov coil during
the density ramp-down phase in helium plasma. There are two
distinct fluctuations with different frequencies in shot 87475,
as shown in Fig. 9(c). The high-frequency mode appears
prior to the low-frequency mode, and their frequency evolu-
tions are significantly different. Similar modes have been ob-
served in deuterium plasmas, which are identified as Alfvénic
modes. %! However, the frequency evolution of the modes in
helium plasma does not fully satisfied with the Alfvén scal-
ing, and when the extension of Alfvén frequency is towards 0,
the high frequency branch is ~ 50 kHz rather than 0 kHz like
modes in deuterium do. These discrepancies will be addressed
latter. In addition, the toroidal mode number of each mode
is determined by the phase difference of the toroidal magnetic
pickup coil array, the toroidal mode numbers of the two modes
are both 1 but their poloidal mode numbers are not the same.
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. @] =
—S 1 40.5 —g
— D
= :
g 0.1 — = - -
T n: et gk v BALEL S o 1) T»_‘uwn‘ulm i T T -m(c) ! 0
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€ 150 | R
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g | | —10
o |
B |
100 | | b
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oo : 1
: 160 b Microwave reflectometry (d) |
S )
g 2
5 120 1
~ 3 4

Time (s)

Fig. 9. (a) Time traces of electron density and loop voltage. (b) Evolution
of HXR signal. (c) Spectrum of magnetic pick-up coils. (d) Spectrum by
the microwave reflectometry of 91.8 GHz.

The SAW dispersion relation can be expressed as[3”!

O =kjva, (6)

075209-6



Chin. Phys. B 32, 075209 (2023)

where k> (ng —m)/(gR) is the wave vector along the mag-
netic field and is affected by the equilibrium magnetic geome-
try, and
By
VA =

v/ HoPm

is the Alfvén speed in the helium plasma. Here, tg = 47 X

(M

1077 N-A~2 is the vacuum magnetic permeability, and py, is
the mass density. As the SAW propagates along the equi-
librium magnetic field of a torus, the velocity is periodically
modulated, and form Alfvén eigenmodes (standing waves) as
the Bragg condition is satisfied. Figure 10(a) extracts the mea-
sured toroidal Alfvén eigenmode (TAE) frequency and com-
pares them with the theoretical TAE frequency, in which m;
is set as 3 x 1.67 x 10727 kg and other experimental condi-
tions are similar. The calculated mode frequency cannot ex-
tend to 0 when Alfvén frequency equals to 0, which is differ-
ent from the performance in deuterium plasma and does not
agree with the theoretical prediction. Normally, the calculated
results of Alfvén frequency are not affected by the mass mod-
ification. Under ordinary circumstance, the mass density is
theoretically independent of Z.¢ and the relative concentration
of helium-to-deuterium when fully stripped. 38! However, for a
quasi-neutral and low plasma temperature with higher Z.g, es-
pecially the electron density and electron temperature are low
near the edge of plasma, so the mass modification should be
taken into account for the helium plasma with not full-stripped

helium ions in the calculation. It is found that for the certain
discharge condition from the Eq. (7), va mainly depends on
the plasma density and mass. The helium plasma share evolu-
tion is shown in Fig. 11(a) and the plasma mass is given by

mi:[ ><4+<1—

where H./(H. + D) is the concentration of helium in the

He

D+H,

He

D+H,

) X 2] x 1.67 x 10727 _(8)

plasma, which is defined by the ratio of helium density to main
ion density fire = npe/(nHe +1p). In the helium plasma, there
will be a considerable amount of deuterium from wall recy-
cling during the discharge process. As a result, the particle
proportion of helium plasma need to be considered when cal-
culating v4. The plasma electron density decreases after termi-
nating the helium gas puffing which subsequently leads to the
proportion decrease of helium plasma, as shown in the shadow
area in Fig. 11(b). As a result, the concentration is not fixed at
a certain value but gradually decreases as time progresses, SO
does the resultant plasma mass. Moreover, the overall value
of mass density is gradually higher than the previous value.
Figure 10(b) indicates that with the updated mass value been
substituted into Eq. (8), the high-frequency branch can be re-
versely extended to a value of 0 and the fit well with theory
in discharge 87475. However, the low-frequency branch still
cannot achieve similarly, which could be further explained by
effects of different electron density.
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Fig. 10. (a) Linear comparison between experimental mode frequency and theoretical Alfvén frequency. (b) Theoretical Alfvén frequency and
actual mode frequency obtained by mass correction. (¢) Comparison of mode frequency with/without density modification.

0.7 @ 5 2.0 ) 58] 5 ©
a : c
58 s 1.0 —— 2 X mn, (p~0.9)

0.6 Y s <---5.85X2.6 _ (ne)
a o9 -2 ;
+ 0.5 3 8 H BRI =
E 5 > 1.0 AN TAE 5
S 04 22 o (LF) | =
= g ¢ &

0.3 1 0.5 0.5

2
0 2 3 4 50 0 1.9 2.0 2.1 2.2 2.3 3 4 5
Time (s) R (m) Time (s)

Fig. 11. (a) The ratio between helium plasma and deuterium plasma with gas puffing, and time trace of electron density. (b) The density measured
by the microwave reflectometry. (c) Comparison between line-averaged density and density measured by microwave reflectometry at p ~ 0.9.
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The difference in density may be due to different loca-
tions of the two modes. The cross-power spectrum shown
in Fig. 12 indicates that a significant distinguished phase dif-
ference exists between the high-frequency branch and low-
frequency branch. The toroidal mode numbers of the two
modes are both identically n = 1, which eventually indicates
that the poloidal mode is not the same and the two modes
are different in the radial position. The mode position mea-
sured by microwave reflectometer is exhibited in Fig. 9(d).
The low-frequency branch mode of TAE can be seen clearly
when the incident frequency of the microwave reflectometer is
91.8 GHz, which proves that the low-frequency branch is rel-
atively closer to plasma boundary. The low-frequency branch
can only be observed after 3.4 s at the detection frequency of
91.8 GHz, which is due to the fact that the detective position
is moving along the radial direction as electron density de-
creases. As we addressed, electron density measured by the
HCN diagnostic is line-averaged density and is inconsistent
with the density of two modes with different spatial distribu-

tion.
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Fig. 12. (a) Cross-power spectrum of the strength and (b) the poloidal
phase difference of low-frequency branch (red solid line) and high-
frequency branch (blue solid line).

To illustrate the discrepancy clearly between density pro-
files at 5.8 s and 2.8 s measured by microwave reflectometry,
the profile at 5.8 s has been multiplied by a factor of 2.6, as
shown in Fig. 11(b). The plasma density in the core at 2.8 s is
significantly higher than that at 5.8 s, which is probably due to

the weaker inward pinch of particles in such low-density dis-
charge. The approximate radial position of the low-frequency
branch based on reflectometry has been noted in Fig. 11(b)
between p ~ 0.85 and p ~ 0.95, in which the plasma density
is more proper to modify the calculated Alfvén frequency of
low-frequency mode rather than line-average density we used
before. The updated results are exhibited in Fig. 10(c), density
applied in this calculation is roughly from p ~ 0.9. For the
low frequency branch with this density modification, the the-
oretical frequency is identical zero when the experimentally
observed mode frequency is 0, which also demonstrates the
rationality of density correction.

Due to the limitation of experimental diagnostics, it is
difficult to obtain the accurate poloidal number and the spe-
cific type corresponding to each mode, thus, the position of
the mode frequency in the continuum is further applied to dis-
tinguish the mode. The TAE gap of the reconstituted AE con-
tinuum is in accordance with the measured magnetic fluctu-
ation of helium plasma discharge 87475, in which the EFIT
code provides the essential equilibrium and microwave reflec-
tometry is further applied together to obtain the density pro-
file. With the combination of previous numerical calculation
and experimental observation, the general locations of these
modes are exhibited as red dotted line in Fig. 13, in which the
low-frequency branch lays in TAE gap and should be identified
as TAE. Based on the comprehensive frequency information,
one part of the high-frequency branch lays in the TAE gap and
another part is located at the bottom of the ellipticity induced
Alfvén eigenmodes (EAE) frequency gap across the contin-
uum. When the toroidal effect is dominant, the coupling im-
pression of the shear Alfvén wave and energetic particles will
cause the nonlinear saturation of the TAE, whereas, the high-
frequency branch can also be a nonlinearly EPs driven EAE
when the elongation effect is dominant.
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Fig. 13. Alfvén continuum in discharge 87475 atr = 2.8 s by the general
Alfvén mode solver eigenvalue code. The green dashed line presents the
electron density profile. The red dotted line indicates the possible range
of the experimentally observed mode frequency.
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5. Conclusion

Quiescent operation regime with generation of a large
number of runaway electrons (REs) has been achieved in
helium ohmic plasmas on EAST. The energetic electrons,
namely REs, are obtained by controlling the decrease of elec-
tron density in the flat top section of the current. The onset
electron density for RE generation is ~ 0.9 x 10'® m~3 in he-
lium plasma, which is higher in deuterium plasma. HXR and
ECE signals are further indicate that more REs are produced
in helium plasma than in deuterium plasma. The growth rate
of HXR in helium plasma is clearly higher than in deuterium
plasma with a constant electron density, which indicates that
RE can be more easily dissipated due to collision in deuterium
plasma. Besides, RE growth rate according to HXR signals
both in helium and deuterium plasma is inversely proportional
to electron density. Simulation results show that RE forma-
tion exhibits extremely strong dependence on electron tem-
perature and is enhanced at higher temperature. The electron
temperature in helium plasma is confirmed higher than deu-
terium plasma, supporting the calculated results. Further, the
RE growth rate is less sensitive to Zeg compared with electron
temperature.

High frequency AE (100 kHz-300 kHz) instabilities ex-
cited by REs in the helium plasma have been observed. Two
AEs are observed with toroidal mode number n» = 1 and
the poloidal mode is different. The microwave reflectometer
(91.8 GHz) indicates that the low frequency branch locates at
p ~ 0.9, and the radial position of high frequency branch is rel-
atively closer to the core. The frequency evolution shows that
when the Alfvén frequency touches to 0, the high-frequency
branch cannot close to the 0. With the modifications of mass
density and localized density, calculated mode frequency can
Besides, the

low frequency branch evolution results show that its frequency

touch O and consist well with theory results.

~ 50 kHz when the theoretical Alfvén frequency is 0, which
is inconsistent with the deuterium plasma. Based on the mi-
crowave reflectometry signal analysis, the density difference
between the plasma boundary and core may contribute to this
discrepancy.

The higher rate of RE production in helium plasma will
affect a series of instabilities related to REs that occur inside
the fusion device. These instabilities such as SAW excited by
REs will result in the scattering of REs and further abnormal
transport. These effects are considered as possible mechanism
to mitigate the damage caused by the rapid loss of REs to the
wall. The helium plasma discharge pattern is adopted in the
ITER, and the study of the plasma RE phenomenon will pro-
vide a basis for the stable operation of ITER.
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