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Impact of impurities on drift wave instabilities in reversed-field pinch plasmas
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The drift wave in the presence of impurity ions was investigated numerically in reversed-field pinch plasmas,
using the gyrokinetic integral eigenmode equation. By comparing the results of regular and hollow plasma
density profiles, it was found that the ion temperature gradient mode for the hollow density profile case is much
harder to excite. For the impurity effects, when the impurity density gradient is opposite to the electrons, namely
when Lez (Lez = Lne/Lnz with 1/Ln being the density gradient scale length, and the subscript “e” and “z” indicates
electrons and impurity ions, respectively) is negative, the impurities can enhance the instability. On the contrary,
when Lez is positive, the instability is stabilized. Regarding the trapped electron mode (TEM), the growth rate for
plasmas with a hollow density profile remains smaller than that of the standard density gradient. There exists a
threshold in Lez. When Lez is less than this value, the impurities destabilize the TEMs, while when Lez is greater
than this value, the impurities stabilize the TEMs. In addition, the influence of the collisionality on the TEMs
was also studied.
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I. INTRODUCTION

In the toroidal plasma microscopic instability occurs when
the plasma deviates from the state of thermodynamic equilib-
rium. As the plasma develops into a nonlinear saturation state,
plasma turbulence will be generated, which causes macro-
scopic turbulent transport [1–5]. Among these perturbations,
ion temperature gradient (ITG) instability has been proven
to be the primary contribution causing anomalous transport
in the core of tokamak plasmas with theory and experiment
[6–8]. As one kind of electron drift waves, the trapped elec-
tron mode (TEM) is driven by a trapped electron pressure
gradient, and offers an important effect on electron anomalous
transport. Whether microscopic instabilities such as ITG and
TEM also play important roles in the transport in reversed-
field pinches (RFPs), is an even more open issue. In fact
the study of microturbulence has already been extended to
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the RFP configuration [9]. Previous studies have shown that
ITG instabilities can be considered as a partial contributor
to particle/energy transport in the RFP [10]. Nevertheless,
more careful analysis of the ITG and TEM stability should be
performed because higher performances have been obtained
in RFP plasmas, and one should consider the role possibly
played by the drift wave turbulence for further improving the
confinement in RFP plasmas. Moreover, in the actual opera-
tion of a toroidal plasma, particle injection often leads to an
abnormal (hollow) distribution of the plasma density [11,12],
and the generation of impurities is also unavoidable [13,14].
Therefore, understanding impurities and their influence on
the microturbulence in RFP plasmas with both normal and
hollow density profiles is one of the critical challenges that
magnetically confined fusion plasmas face [15,16].

In the RFX-mod, the axisymmetric and helical RFP con-
figuration with different q(a) states (reduced from 4 to 1.2)
have been studied experimentally [17]. In this device two
transmission parameters, namely the diffusion coefficient and
the convection velocity, have been determined, and previous
works also confirmed the presence of external velocity bar-
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riers for light impurities [18]. In terms of particle injection
[19–21], experiments in RFP plasmas have also been carried
out in the Madison Symmetric Torus RFP [22]. Therefore,
instability analysis under RFP hollow plasmas thus becomes
significant.

The microinstability related to the hollow density profile
in a toroidal plasma has been theoretically investigated in
recent years [23,24]. Under the slab configuration with mag-
netic shear, the instability driven by the electron temperature
gradient in a plasma with a slight hollow density profile was
studied using the gyrokinetic integral eigenvalue equation,
showing the suppression effect of shear flow in transport [25].
Using the eigenmode equation, the ITG mode was modeled
numerically in the presence of impurity ions and trapped
electrons (TEs) in the tokamak plasma with a hollow density
distribution. It was found that, in the hollow density plasma,
the increase of ion temperature gradient results in an increase
of the ITG growth rate and frequency, and that the density
gradient plays an important role in the ITG mode [26].

For the RFP configurations, when considering impurities,
the RFX-mod device usually exhibits a hollow carbon/oxygen
distribution, which peaks in the edge region. Reference [27]
calculated the ITG instability and gyrokinetic results of tur-
bulence, and described the role of impurities in the ITG
mode instability. Reference [28] used a gyrokinetic integral
equation containing trapped electrons and impurity ions to
study the electrostatic mode driven by ITG in RFP plasma. It
was proved that, when the density gradient is opposite to the
primary ion, the impurity ions cause an increase in the ITG
instability, and the TEs also have a destabilizing effect on the
ITG mode. Reference [29] studied the stability threshold of
the ITG mode through the linear gyrokinetic theory, showing
that the temperature slope required to excite the ITG instabil-
ity is much steeper than that of tokamak. In addition, Refs.
[30,31] considered TEs and all-ion kinetic effects, and found
that the role of TEs becomes important in RFP only under a
very steep density/temperature gradient. Compared with the
tokamak plasma, the instability of TEM in the RFP plasma
requires a much larger density/temperature gradient, and the
kθρs spectrum is much narrower.

To summarize, the impurities and their influence on micro-
turbulence in tokamaks have been clarified. However, these
effects have not been investigated in RFP plasmas; in particu-
lar, the impurity effect on the TEMs remains unclear. Besides,
the characteristics of ITG and TEM instability in RFPs with
a hollow density have never been reported. In this work, the
drift wave instability is studied under RFP configurations.
We considered both collisionless and collisional RFP plasmas
with standard and hollow density profiles. By comparing the
results of the typical plasma density profile (εn > 0, where
εn = Lne/R is the inverse of the density gradient with R be-
ing the major radius) and the hollow plasma density profile
(εn < 0), it is shown that the growth rate of the ITG instabil-
ity in the plasma with the recessed density profile is lower
and is harder to excite. Moreover, when Lez(Lez = Lne/Lnz,
Ln = −(dln(n)/dr)−1 is the inverse of the density gradient
scale length, and the subscripts “e”, “z”, and “i” indicate
electrons, impurity ions, and ions, respectively) are positive,
the impurities can stabilize the instability, while when Lez is
negative, the impurities enhance the instability. Regarding the

TEMs, the growth rate for the plasma with a hollow density
profile remains smaller than that for the plasma with a stan-
dard density profile. Moreover, the collisionality can stabilize
the TEMs.

The remainder of this article is organized as follows.
The HD7 code and the numerical results are introduced in
Sec. II. The results of ITG instability in RFPs are presented
in Sec. II A. The simulation of TEM is analyzed in Sec. II B.
Finally, the conclusions are drawn in Sec. III.

II. SIMULATION RESULTS

In the RFP configuration, the toroidal magnetic field re-
verses in the edge of plasma during the plasmas relaxation,
and has the same order of magnitude as that of the poloidal
magnetic field. As a consequence, the poloidal magnetic field
has to be incorporated into the total magnetic field. This is the
main difference between tokamak and RFP plasmas. Hence
the toroidal and poloidal magnetic fields in RFPs are presented
by Bφ = Bφ0(1 − ερ cos θ ) and Bθ = Bθ0(1 − � cos θ ), re-
spectively. Here, Bφ0 and Bθ0 are the equilibrium toroidal and
poloidal magnetic fields at the magnetic axis, respectively,
ε = a/R0 (R0 is the major radius) is the inverse aspect-ratio,
ρ = r/a is the normalized minor radius, θ is the poloidal
angle, and � expresses the poloidal variation of Bθ . The
parameter � = �(ε, Bθ0) changes with the poloidal magnetic
field Bθ0. More detailed discussions on this concern may be
found in Refs. [29–32].

In this section, we use the integral eigenvalue code HD7
to study the micro-instabilities in RFP configurations. The
integral eigenvalue equation can be found in Ref. [28] and is
neglected here. The term of the density perturbation of TEs
is previously reported in Ref. [30] [namely Eq. (4) therein],
and we will give a derivation of this formula in detail in the
Appendix. The HD7 code has been modified by applying it to
RFP configurations [28,30,31,33] and updated in this work.
Under the RFP configuration, the results calculated by HD7
are similar to those obtained by codes such as GS2 [34] and
TRB [35]. In the calculation, the mode frequency is normalized
to electron diamagnetic drift frequency ω∗e = ckθTe/eBLne,
and the wave numbers are normalized to ρ−1

s = eB/c
√

2Temi,
where c is the speed of light, k the wave number, B the
total magnetic filed strength, e the electric charge of elec-
tron, mi the mass of the ions, and Te the temperature of
electrons.

We have conducted one benchmark case of the results
provided by HD7 with the gyrokinetic codes GENE [36] with
the following parameters: r/R0 = 0.068, the safety factor
q = 0.15, the magnetic shear ŝ = 0.3, R/Ln = 5.89, R/LTi =
R/LTe = 4.45, ne = 5.88 × 1013 cm−3, Ti = 0.99 KeV, Te =
1.29KeV. The comparison is presented in Fig. 1. The results
show that the two curves almost lie on top of each other,
which indicates the HD7 code benchmarked against well with
the GENE code.

We first study the ITG mode. The default parameters we
utilized were: q = 0.15, ŝ = 1.0, the temperature ratio τi =
Te/Ti = 1.33, τz = Te/Tz = 1.33, ηz = Lne/LT z = 16, kθρs =
0.447, the trapped electrons concentration ε = 0.0 unless oth-
erwise stated.
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FIG. 1. The comparison of ITG growth rate (a) and real fre-
quency (b) between HD7 and GENE codes.

A. ITG modes

First, the effects of the ion temperature gradient R/LTi

and density gradient R/Ln on the ITG modes are discussed
because they are generally believed to provide the driving
force for the ITG modes. The normalized growth rates of
the pure ITG modes as a function of R/LTi and R/Ln are
illustrated in Figs. 2(a) and 2(b), respectively. We can see from
Fig. 2(a) that the growth rate of the ITG modes increases with
the increase in R/LTi. The larger the absolute value of R/Ln is,
the greater the growth rate of the ITG modes is. Figure 2(b)
shows that the smaller the R/LTi, the smaller the ITG growth
rates. At the same time, when the absolute values of R/Ln are
equal, the growth rate corresponding to positive R/Ln ratios is
much larger. This indicates that the ITG mode in plasmas with
a hollow density profile will be relatively difficult to excite
in both the strong and weak density gradient cases compared
with plasmas with typical density profiles. It is also possible to
see that the growth rate is always monotonous when keeping
the R/Ln ratio constant. We can conclude that a high R/LTi

enhances the ITG instability, and it is easier to trigger the ITG
mode in RFP plasmas with a standard density profile.

The normalized real frequency and growth rate as a func-
tion of the charge concentration fz of fully ionized carbon
impurities in plasmas with regular and hollow density profiles
are represented in Fig. 3. Figures 3(a) and 3(c) show that
the ITG frequency and growth rate change monotonically
with fz. With positive values of Ln, it is clearly demonstrated
that Lez = 2 has a stabilizing effect on the modes, while
Lez = −6 has a destabilizing impact on the modes. It is thus
possible to conclude that when the impurity ion density gra-
dient is opposite to that of the electrons (Lez < 0), the ITG
instability is enhanced. On the contrary, when Lez > 0, the
growth rate of the ITG instability is reduced. These findings

FIG. 2. Contour plots of the normalized real frequency of the
ITG mode in the plane of the normalized ion temperature gradient
R/LTi and density gradients R/Ln in pure plasma ( fz = 0). (a) and
(b) correspond to the plasma with a hollow density profile and a nor-
mal density profile, respectively. Other parameters are ŝ = 0.3, τi =
1.33, kθρs = 0.447, ε = 0.0, q = 0.15. Below the black line is the
stable region.

FIG. 3. Normalized real frequency and growth rate versus charge
concentration fz of the fully ionized carbon impurity in plasmas with
normal density profile (a),(c) and hollow density profile (b),(d). Other
parameters are ŝ = 1.0, τi = τz = 1.33, ηz = 16, kθρs = 0.447, ε =
0.0, q = 0.15.
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FIG. 4. Normalized real frequency and growth rate versus Lez for
different impurity charge concentrations fz as well as different impu-
rity species. The other parameters are ŝ = 1.0, τi = τz = 1.33, ηz =
16, kθρs = 0.447, ε = 0.0, q = 0.15, z = 6 (carbon).

are consistent with previous simulation results discussed in
Refs. [26,28]. Figures 3(b) and 3(d) display the growth rate
and real frequency of the ITG modes for the hollow density
case. It can be seen that these results are very similar to
those for the non-hollow density profile case when Lez < 0;
the ITG instability is reinforced. On the other hand, when
Lez > 0, the ITG growth rate first increases and then de-
creases with fz. Furthermore, the greater |Lez|, the greater the
stabilizing/destabilizing effects. With a hollow density pro-
file, the small growth rate of the ITG mode can still be seen in
Fig. 3(b). Figures 3(a) and 3(c) also reveal that the charge con-
centration can enhance the stabilizing/destabilizing effects of
the carbon impurities.

To further investigate the effect of Lez on the ITG modes,
we scanned Lez for different density gradients. The normalized
growth rate as a function of Lez is shown in Fig. 4 for different
impurity charge concentrations of carbon. It shows that when
Lez is positive, the impurities have a stabilizing effect. The
larger the number of impurities, the stronger the stabilizing
effect; on the other hand, when Lez is negative, the presence
of impurities has a destabilizing effect. Besides, the influence
of Lez on the ITG instability for plasmas with hollow and
non-hollow density profiles is the same. The obvious differ-
ence is that in the case of the hollow density profile, the
ITG growth rate is lower. Since there are many impurity ions
with different ionization states in RFP plasmas, we investigate
their impact individually as also shown in Fig. 4. Here, we
consider the influence of the O+6, C+8, and W +8 impurities
with varying ionization states. It is found that the growth rate
of the ITG mode gradually decreases with the increase in

FIG. 5. Thresholds for ITG in the ion temperature gradient
(εT = LT /R) and density gradient (εn = Ln/R) plan in pure and
mixture plasmas with hollow (a) and normal (b) density pro-
files. Other parameters are ŝ = 1.0, τi = τz = 1.33, ηi = 0, ηz =
16, kθρs = 0.447, ε = 0.0, q = 0.15, z = 6 (carbon).

the impurity mass. Due to the extremely high mass number
of tungsten, when εn = −0.1, this phenomenon is offset to
a certain extent. These results suggest that heavy impurities,
such as tungsten, have a better stabilizing effect on the ITG
mode.

Finally, we investigated the ITG stability threshold con-
sidering carbon impurities. Figure 5 displays the temperature
gradient threshold εT for the ITG instability as a function
of εn for different Lez values for both hollow [Fig. 5(a)] and
standard [Fig. 5(b)] density profiles. Figures 5(a) and 5(c) sug-
gest that the threshold decreases with increasing the absolute
value of εn, and the larger εn is, the more difficult it becomes
for the ITG instability to be excited. However, the sign of εn

influences εT , and the εT corresponding to the positive εn is
larger than the εT corresponding to the negative one; that is,
the modes with a positive εn are more unstable. Impurities
with a negative Lez can destabilize the mode and weaken the
Landau damping effects of the primary ion in RFP plasmas.
Regardless of whether it is a hollow density or a normal den-
sity gradient, when impurities exist, and their density gradient
is opposite to that of the plasma, the instability interval will
increase. Overall, since the excitation range for the hollow
density gradient is narrower than for the positive density gra-
dient, the ITG in the hollow plasma is more difficult to trigger.
These results are in agreement with cases in tokamaks [26]. In
RFP plasmas, when the density is large, the temperature gra-
dient interval of the ITG instability is relatively large. Thus,
impurities with a negative Lez enhance the ITG modes in RFP
plasmas. Nevertheless, if the negative Lez and negative density
gradients are sufficiently strong, the stability threshold εT in
hollow density plasmas can reach the order of magnitude of
that of normal density RFP plasmas.

B. TEMs

In this section, we focus on the TEM instabilities in RFP
plasmas with a hollow density profile and compare the results
with those obtained for normal density profile plasmas. Unless
otherwise stated, the parameters we adopted are as follows:
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FIG. 6. Normalized growth rate γ /|ω�e| and real frequency ω/|ω�e| of TEM versus ηe under normal density profile (a),(b) and hollow
density profile (c),(d). Other parameters are ŝ = 0.5, τi = 1.33, kθρs = 0.447, ε = 0.15, q = 0.15.

ŝ = 0.5, ηi = 0, τi = 1.33, kθρs = 0.447, ε = 0.15, and q =
0.15. These parameters are typical characteristic parameters
of the TEM excitation in RFP plasmas.

The TEMs in pure RFP plasmas are discussed first. Fig-
ure 6 depicts the normalized growth rate γ /|ω�e| and real
frequency ω/|ω�e| of the TEMs as a function of ηe for the nor-
mal density profile (a),(b) and hollow density profile (c),(d)
cases. This figure illustrates that ηe provides the driving force
for the TEM excitation. For the hollow density case, the TEM
growth rate varies with ηe, which is similar to the non-hollow
density case. Similar to the ITG mode, the difference between
the hollow and non-hollow density profiles lies in the fact
that the growth rates of TEM for the hollow density profile
plasma are smaller. Indeed, the growth rate is around half of
that observed for the non-hollow density profile plasma at the
maximum growth rate. These calculations indicate that the
TEM instability in RFP plasmas with a hollow density profile
requires a very steep density profile compared with the case
of plasmas with a non-hollow density profile.

We carried out investigations of the impurity effects on the
TEMs. As mentioned earlier, compared with the non-hollow
density case, the predominant difference in the TEMs for the
hollow density plasma is that their stable interval is smaller,
and they are not easy to excite. Here, we mainly concentrate
on the impact of impurity ions on the TEMs for the hollow
density plasma. Figure 7 depicts the normalized growth rate
γ /|ω�e| and real frequency ω/|ω�e| of TEMs as a function of
Lez for the hollow density profile case; carbon C+6 is taken
as the impurity. In the presence of impurities, the relationship
between the change in the TEMs and the change in Lez is sim-
ilar to that of the ITG with Lez; that is, as Lez increases (from
negative to positive), the growth rate of the TEMs decreases.
Note that there is a threshold value for Lez. We refer to it as
Lezt . When Lez is less than Lezt , the impurities destabilize the

TEMs, while when Lez is greater than this value, the impurities
stabilize the TEMs. For the three fz cases investigated here,
the corresponding Lezt is around −1.

We then studied the effect of different impurity species.
Figure 8 shows the normalized growth rate γ /|ω�e| and real
frequency of the TEMs as a function of Lez for the hollow
density profile case with different impurities (namely, C+6,
O+6, and W +6, W +12, and W +18 with fz = 0.1). It can be

FIG. 7. Normalized growth rate γ /|ω�e| (a) and real fre-
quency ω/|ω�e| (b) of TEM versus Lez under hollow density
profile with different impurity charge concentration. Other parame-
ters are ŝ = 0.5, τi = τz = 1.33, ηi = 0, ηe = 10, kθρs = 0.447, ε =
0.15, q = 0.15, z = 6 (carbon).
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FIG. 8. Normalized growth rate γ /|ω�e| (a) and real frequency
ω/|ω�e| (b) of TEM versus Lez under hollow density profile with dif-
ferent impurities( fz = 0.1). Other parameters are the same as those
used in Fig. 6.

seen that, for the normal density profile case and for the
three lighter ions, namely C+6 and O+8, as Lez increases, the

TEM growth rate decreases, while the opposite occurs for the
heavy-ion W +6. Besides, there is a mild dependence of the real
frequency on Lez for C+6 and O+6; on the other hand, when the
W +6 ion is used as the impurity, the real frequency increases
with Lez. In general, both the C+6 and O+8 impurities reduce
the growth rate of the TEMs. This is due to the fact that the
finite Larmor radius of larger impurity ions can suppress the
TEM instability. In addition, similar to the ITG mode, also the
heavy tungsten impurity exhibits a particular characteristic.
For W impurities with different charge numbers, the growth
rate of the TEMs decreases with the increase in Lez, and for
W +6, the growth rate of the TEMs increases with the increase
in Lez. However, tungsten has a more pronounced stabilizing
effect on the TEMs in comparison with that of other light
impurities. This difference may be due to the fact that heavier
impurity ions have a smaller thermal velocity; thus, the fluid
condition (ω � k||v||) is easily satisfied, which will weaken
the wave-particle resonance effect, leading to more stable
TEMs. Therefore, we can say that heavy ions with the same
ionization state and different masses can easily suppress the
TEM instability. In this sense, tungsten is indeed an ideal
first-wall material.

The effect of the collisionality on the trapped electron
mode was finally investigated. Fig. 9 depicts the normalized
growth rate γ /|ω�e| and real frequency ω/|ω�e| of TEMs as
a function of the collisionality for both the pure and carbon
RFP plasmas. Comparing the growth rates in Figs. 9(a) and
9(c), we find that when there are impurities, the growth rates
for both the hollow and non-hollow density distributions are
significantly lower than those obtained in the cases without
impurities. At the same time, for a hollow density profile,
the growth rate of the TEMs is considerably less affected
by impurity ions. On the other hand, due to the impact of

FIG. 9. Real frequency ω/|ω�e| and growth rate γ /|ω�e| versus collisionality for pure plasma ( fz = 0) and plasma in presence of carbon
impurity ( fz = 0.1 and Lez = 2). The other parameters are the same as those used in Fig. 6.
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the collision rate, the TEM growth rate will decrease. This is
because the trapped electrons can collide without completing
a “banana” orbit, and the collision affects the TEM driving
source. Therefore, the TEMs are damped by the collisionality.

Our results show that the instability interval of the TEM
mode in RFP plasmas is much smaller than that of tokamak
plasmas. For example, when the plasma density gradient is
small, a high electron temperature gradient is required to
excite the TEMs. The main reason for this is that there is a
higher ion Landau damping in RFP plasmas than in tokamak
plasmas (the lower q in RFPs will result in a more significant
Landau damping [29]). Our simulations show that the Landau
damping cannot only suppress the ITG mode; that is, as the
Landau damping increases, the free energy that drives the ITG
mode is reduced, and the ITG mode becomes more stable.
Indeed, the Landau damping can also stabilize the TEMs. We
found that when the effective ion Landau damping frequency
changes with respect to the electron precession resonance by
increasing the temperature ratio τ , that is, reducing the ion
Landau damping, the growth rate of the TEMs and the TEM
stable interval increase. Therefore, the high Landau damping
in RFP plasmas makes it difficult to excite the TEMs.

Interestingly, a reversed density profile can further stabilize
the TEMs in RFP plasmas but cannot eliminate the TEMs. A
possible reason is that the precession drift of the trapped elec-
trons does not depend on the density gradient. The rotation
direction of the TEMs for the hollow density profile case is
changed, making the resonance effect of the trapped electrons
and modes invalid. Hence, the TEM instability becomes very
weak (the collisionless TEM excitation is mainly due to the
resonance of the instabilities and the precession drift of the
trapped electrons). These results are qualitatively consistent
with those of Tang et al. [37].

III. SUMMARY

The gyrokinetic theory was used to study the impact of
impurities on the drift wave instability in toroidal plasmas
with regular and hollow density profiles. Both collisionless
and collisional RFP plasmas with normal and hollow density
profiles were considered.

The first part of the article discussed the ITG investigations.
For situations with impurities, we found that when Lez is
positive, impurities can reduce the ITG instability, while they
can increase the instability when Lez is negative; the greater
the concentration of impurities, the more pronounced this
phenomenon.

The main new and novel content of the part of ITG lies
in the ITG instability investigation under RFP hollow plasma
density. These results have never been achieved before, and
the influence of impurities such as tungsten has also been
added and clarified. The new outcomes included, by compar-
ing the results of the regular (εn > 0) and hollow (εn < 0)
plasma density profiles, it is shown that the growth rate of
the former is smaller, the instability interval is smaller, and
the ITG instability is harder to excite. The influence of Lez on
the ITG instability for plasmas with hollow and non-hollow
density profiles is the same. The growth rate of the ITG mode
gradually decreases with the increase in the impurity mass.

That is, heavy impurities, such as tungsten, have a better
stabilizing effect on the ITG mode.

In the second part, the present work focused on studying
the influence of different impurities on the TEM instability.
The selected impurities were fully ionized carbon, oxygen,
and tungsten. Through simulations, we found that the TEM
growth rate for the hollow density case is still lower than
that for the normal density case. Moreover, for the concave
density profile, the change in the TEMs and Lez is similar
to that of the ITG mode with Lez with impurities. That is,
as Lez increases (from negative to positive), the growth rate
of the TEMs decreases. There is a threshold value for Lez.
When Lez is less than this threshold, the impurities destabilize
the TEMs, while when Lez is greater than this threshold, the
impurities stabilize the TEMs. The results are the opposite in
the case of W impurities. Tungsten is unique due to its high
mass number. The TEMs are harder to excite when W impu-
rities are incorporated, suggesting that W is an ideal first-wall
material.

Finally, the impact of collisionality on the TEM instability
was studied. The simulation results show that, considering
the collisionality, the growth rate of the TEMs decreases with
increasing the collision rate, which is consistent with previous
calculation results. We have clarified the physics underlying
the TEMs. Besides, the instability threshold analysis in this
article will provide a reference for comparing simulation and
experimental results.

Work involving electromagnetic simulations of the ITG
and TEMs in toroidal plasmas is ongoing alongside com-
parisons of the drift wave characteristics in both RFP and
tokamak plasmas.
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APPENDIX: THE DERIVATION OF THE TE DENSITY
RESPONSE IN RFP

The gyrokinetic equation satisfied by the electrons in RFP
reads[

i
v̂‖vte

Rqα

∂

∂η
+ (ω − ωd,e)

]
δHe0 = −(ω − ω*Te)FMe

eδφ

Te
.

(A1)

The parameters in the equation are

ωd,e = −kθ (2Tec/eB)[(v̂2
⊥/2)/LB + (ε2/q2α2)v̂2

‖/r],

kθ = nq

r
α, α =

√
1 + ε2/q2,

LB = −
(

d ln B

dr

)−1

,

ω∗Te = ω*e[1 + ηe(v̂2
⊥ + v̂2

‖ − 3/2)],
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ηe = Ln

LT
,

FMe = ne

π
3
2 v3

te

exp(−v̂2
⊥ − v̂2

‖ ),

where vte is the thermal velocity of electrons, δφ is the dis-
turbed electrostatic potential. ne is electron density. Te is the
temperature of electrons.

For TEMs, there exists an order of magnitude relationship:

ωb,i � ωd,i, ωt,i, 〈ωd,e〉 � ω � ωb,e � ωt,e,

where ωb,i, ωb,e are the bouncing frequency ωt,i, ωt,e the tran-
sit frequency ωd,i, ωd,e the diamagnetic drift frequency. 〈〉 is
the bounce average.

The non-adiabatic perturbation distribution function can be
written as

δHe0 = δH (0)
e0 + δH (1)

e0 . (A2)

According to 〈ωd,e〉 � ω � ωb,e and ωb,e = 1
τb,e

= 1
2

∫ θ0
−θ0

qR0
|v‖| dθ

then the lowest order form of the equation is

∂δH (0)
e0

∂η
= 0. (A3)

Namely, under the above frequency conditions, the lowest-
order perturbation distribution function does not change along
the magnetic field lines. Expanding the gyrokinetic equa-
tion to the first order, one can get

[
i
2v̂‖vte

Rqα

∂δH (1)
e0

∂η
+ (ω−ωd,e)δH (0)

e0

]
= −(ω − ω*Te)FMe

eδφ

Te
.

(A4)

Since δHe0 = δH (0)
e0 + δH (1)

e0 , and δHe0 satisfies the
poloidal periodicity, so as δH (1)

e0 satisfies the poloidal period-
icity, then the first term after the bounce average is 0. The
equation then becomes

(ω − 〈ωd,e〉)δH (0)
e0 = −(ω − ω*T )FMe

e〈δφ〉
Te

(A5)

and we have

〈ωd,e〉 =
∫ θ0

−θ0

ωd,e

|v‖| dθ∫ θ0

−θ0

dθ
|v‖|

=
ωdeB

2

∫ θ0

−θ0

v̂2
⊥

|v‖|dθ + ωdeC
∫ θ0

−θ0

v̂2
‖

|v‖|dθ∫ θ0

−θ0

dθ
|v‖|

= −
{
ωdeBt

1

2
{1 + 2ξ [1 − κ2 − E (κ )

K (κ )

]}

+ωdeCt
1

2

[
4ξ (κ2 − 1 + E (κ )

K (κ )
)

]}
.

Here, ωd,e includes the magnetic gradient drift frequency
ωdeB(= ω∗eLn/LB) and the magnetic curvature drift fre-
quency ωdeC (= kθ (Tec/eB)ε2/q2α2r). ξ = εB2

φ0 + ζB2
θ0, ζ =

k2
⊥v2

t /�2, � = eB/mc, k⊥ is the wave number in the direc-
tion perpendicular to magnetic field. K (κ ) and E (κ ) are the
complete elliptic integrals of the first and second kinds, re-
spectively, and t = v2/v2

te. θr is the returning point in banana
orbit for trapped electrons, corresponding to the case where
the parallel velocity of electron is zero.

At the same time, it should be noted that the inflection point
X corresponds to the coordinates of the magnetic field line.
Then, in the space of ballooning mode, due to the existence
of the inflection point, the trapped electrons are confined in
many sub-intervals along the direction of the magnetic field,
which can be expressed by the δ function

〈δφ〉 = 1

4K (κ )

∫ θ0

−θ0

δφdθ√
κ2 − sin2 θ

2

=
∞∑

j=−∞

⎡
⎣

2π j+π∫
2π j−π

δ(θ − θ ′)dθ ′
∫ 2π j+θ0

2π j−θ0

δφdθ

4K (κ )
√

κ2 − sin2 θ
2

⎤
⎦,

where δ(x) is Dirac’s δ function. So the final result of the bounce average is

δH (0)
e0 = − ω − ω*Te

ω − 〈ωd,e〉
eFMe

Te
×

∞∑
j=−∞

⎡
⎣∫ 2π j+π

2π j−π

δ(θ − θ ′)dθ ′
∫ 2π j+θ0

2π j−θ0

δφdθ

4K (κ )
√

κ2 − sin2 θ
2

⎤
⎦. (A6)

Integrating the guiding centered non-adiabatic perturbation distribution function of trapped electrons in the velocity space,
we can get

∫∫∫
δH (0)

e0 (κ2, v2)d3v = −ene0

Te

√
2ξ

π

∫ ∞

0

ω − ω∗Te

ω − 〈ωd,e〉e−v̂2
v̂d v̂2

∫ 1

sin2 θ
2

dκ2√
κ2 − sin2 θ

2

×
∞∑

j=−∞

⎡
⎣∫ 2π j+π

2π j−π

δ(θ − θ ′)dθ ′
∫ 2π j+θ0

2π j−θ0

δφ(θ )dθ

4K (κ )
√

κ2 − sin2 θ
2

⎤
⎦. (A7)
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Changing the order of integration, and introducing

g(η, κ ) =
∫ +θr

−θr

δ(η − θ ′)dθ ′√
κ2 − sin2 θ ′

2

.

Equation (A7) then can be simplified to

ñte = −en0e

Te

√
2ξ

π

∫ +∞

0
dt

√
te−t ω − ω∗Te

ω − 〈ωd,e〉 ×
∫ 1

0

dκ2

4K (κ )

+∞∑
j=−∞

g(θ − 2π j, κ ) ×
∫ +∞

−∞
dθ ′g(θ ′, κ )φ(θ ′ − 2π j). (A8)

So far we have derived the term of the TE density response. It should be noted that in comparison with Ref. [30], we ignore the
collisionality here, whose effect can be added in Eq. (A8) directly.
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