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Abstract
The ion temperature gradient (ITG) mode in the presence of impurity ions and trapped electrons
(TEs) is numerically investigated in tokamak plasmas with hollow density profiles, using the
gyrokinetic integral eigenmode equation. It is found that in the inverted density plasma, the
increase of the ITG enhances the growth rate and frequency of the ITG, and the density gradient
plays an important role in the ITG modes. For weak density gradient situations, the trapped
electron effects increase the instability of the ITG, while the impurity has an obviously
stabilizing effect. For the strong density gradient cases, both the impurities and trapped electrons
enhance the ITG instabilities. In addition, it is shown that the growth rate of the ITG decreases
with positive magnetic shear s while the real frequency increases with positive magnetic shear.
The growth rate of the ITG increases with negative magnetic shear s while the real frequency

decreases with negative magnetic shear. The length of the calculated mode structure in the
positive and negative magnetic shear intervals is also presented.

Keywords: micro-instabilities, trapped electrons, impurities
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1. Introduction

In tokamaks, ion temperature gradient (ITG) driven instability
is one of the drift waves and is considered a major factor for
ion-scale turbulent transport. The ITG modes also have an
important effect on the low (L) to high (H) confinement mode
transition and energy confinement [1]. The hollow (inverted)
density profile occurs simultaneously with the pellet injection
for plasma core fueling and L-H confinement transition [2-5].
The study of drift wave instability under the hollow density
profile and the turbulent transport caused by it can provide
guidance for a pellet fueling experiment. Besides, it is well
known that impurity ions are inevitably present in toroidal
fusion plasma due to the inevitable interaction between the
plasma and the first wall material. These impurity ions have
significant effects on drift waves. Therefore, it is important to
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investigate the impurity ions effect on the ITG mode under a
hollow density profile.

On the one hand, the ITG mode as well as the effect of
impurities on it has been intensively studied theoretically and
experimentally in the case of a monotonically decreasing
density profile (R/L, > 0) [6-8]. The study of the ITG driven
mode with impurities in toroidal plasmas was first investi-
gated in [9]. Later on, the effect of impurities on the ITG was
also carried out in the reversed field pinch [10, 11]. On the
other hand, in terms of the inverted density distribution (R/L,,
< 0), previous work on the ITG mode has not been systematic
[12, 13]. Early theoretical studies include the calculations
from Tang and Hahm [13, 14]. Their results showed that in
the case of a negative density gradient, the ITG mode
becomes unstable as the temperature gradient of ions exceed a
certain critical threshold. Adam et al [15] demonstrated that
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the inverted density profile can cause particles to transport
radially inward, which means, to some extent, that the profile
is advantageous for fusion confinement.

Recently, studies relating to hollow density profiles have
been carried out on many magnetic confinement fusion devices
[16-21], such as the Mega Ampere Spherical Tokamak
(MAST), Joint European Torus (JET), Axially Symmetric
Divertor Experiment (ASDEX Upgrade), and the Large Helical
Device (LHD). In addition, Tegnered er al [22] studied the
transport of turbulent particles caused by ITG modes and
trapped electron modes (TEM) under a hollow density dis-
tribution using the gyrokinetic code GENE and the Weiland
Fluid Transport Model. It was found that the negative density
gradient can suppress turbulence or change the relationship
between diffusion and convection, and weaken the transport of
particles to the core, thereby reducing the efficiency of fueling.
Dong et al studied the electron temperature gradient (ETG)
driven instabilities in plasmas with slightly inverted density
profiles and demonstrated the E x B flow shear stabilization on
the ETG modes, as well as on the transport [23]. More recently,
Du et al [24] used the local gyrokinetic eigenvalue code HD7
[25, 26] to simulate the ITG and TEM numerically under a
hollow profile, and efficiently scanned the key parameters (i.e.,
density gradient, temperature gradient, temperature ratios, and
vertical wave numbers) affecting the ITG mode and TEM
instability threshold and intensity. However, their research did
not consider the effects of impurities. Impurities are inevitable
in magnetic confinement fusion experiments, which not only
cause a large amount of energy loss in the plasma, but also
affect various instabilities in the plasma. They will in turn
affect the distribution of the plasma parameters and confine-
ment performance [27, 28].

In this paper, we incorporate the trapped electrons (TEs)
and impurities in the calculations, and systematically inves-
tigate the effects of TEs and impurities on the ITG modes in
inverted density tokamak plasmas by adopting the gyrokinetic
integral eigenmode scheme in a toroidal configuration. Our
kinetic simulations found that in inverted density plasma, the
increase of the ITG enhances the ITG growth rate and fre-
quency. For the weak density gradient situation, the impu-
rities (O™°) can decrease the growth rate as well as frequency
of the ITG mode distinctly, and the greater the fraction of
impurities, the greater the influence of inhibition of impurities
on the the ITG mode. For the strong density gradient cases,
impurities enhance the ITG instability, and the TE has a
suppression effect on the modes. In addition, it is shown that
the growth rate of the ITG decreases with the increase of
positive magnetic shear s, while the real frequency increases
with the increase of positive magnetic shear s. Furthermore,
the growth rate of the ITG enhances while the real frequency
decreases with the decrease of negative magnetic shear s. The
relationship between the ITG mode and magnetic shear is
emphasized for both slight and strong hollow density profiles
in tokamak plasmas.

The remainder of this paper is organized as follows. The
gyrokinetic equation and physical model are introduced in

section 2. The numerical results of the ITG modes in an
inverted density plasma edge with impurities are presented
and analyzed in section 3. Finally, a brief conclusion is pre-
sented in section 4.

2. Physical model

To begin with, to make the structure of the article more
complete, we first present the local gyrokinetic integral scheme
used in this paper. We use the ballooning mode representation
to study the ion-scale drift wave instability in tokamak plasma,
with the linear mode coupling caused by the configuration of
the toroidal magnetic field taken into account. The main ions in
the system are hydrogen ions, and different ionized states of
lithium, carbon, oxygen, nickel, tungsten, etc. are impurity
ions. The main ions and impurity ions are all passing particles,
which are described by a gyrokinetic model. In a toroidal
geometry system with circular cross-sections, we consider the
full kinetic effects of the main and impurity ions, such as
magnetic field curvature and gradient drifts, finite Larmor
radius (FLR) effects, and wave-particle resonance effects.
Here, we ignore the FLR effect of the TEs and believe that the
passing electrons are subject to adiabatic response.

When considering the effects of TEs and impurity ions,
low-frequency electrostatic disturbances in non-uniform
plasmas can be described by quasi-neutral conditions:

7ij + Zﬁz =(1 _f[e)ﬁpe +ﬁeﬁlev (1)

where 7, 7i;, fipe, and Al are the perturbed densities of the
main ions, impurity ions, and passing and TEs, respectively.
. = ~/2¢ is the fraction of TEs, where ¢ = r/R, Z is the
charge number of the impurity ions. Perturbed particle density
f f.d%, where

s = e, I, z represents the electrons, main ions, and impurities.

is expressed by the kinetic equation:ng; =

In the ballooning representation and with the gyrokinetic
equation, the non-adiabatic response of the particle is gov-
erned by:

.V 0
IR_q%hj + (w - ij)hj == (UJ — w*Tj)J()(Oéj)FM,'

qinoj ~
9 >
T, ?(0)

@)

where the magnetic (gradient and curvature) drift frequency is

2
wpj = 2e,ws;(cos O + §0 sin 0)(% + vz). 3)

The diamagnetic drift frequency induced by the pressure

gradient is:
v:o 3
vy 2
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diamagnetic drift frequency is wye = ckyTi/eBL,e, Vi =
J2T;/mj, o = (2b)'/?v,, 2b; = k?v; /Q5. The non-adiabatic
response of the TEs can be achieved by expanding
equation (3) with w/wye, Where wy,.is the bouncing frequency
of the TEs. When ignoring the FLR of the TEs, the density
perturbation of the TEs can be expressed as

(5] 1 2
fire = _enge E dtﬁ LW — Wy f dr
Te 0 w— wd 0 4K (k)

X Z g0 — 2y, K)f do'g(0’, k)

]7—00
X o0 — 2m)), %)
80— 0")do’
with g(0, k) = fa NP

The precession drift frequency of the TEs is written as

s . 2F (r)
= WeEntG (S, K) = Wxelnt
d ke ( ) ke [ K(H)

. o F () . 2
1+4S(K(I<L) a H)]], (6)

and Kk =sin (0, /2) = [1 — uBy(1 — e)/E]/e e=r/R,w§ =
3
F(k)=

sel (=] ko= fF ey
fog V1 — x%sin?60dé.

After complex mathematical operations, we obtain the

expression of the integral eigenequation corresponding to
equation (1):

[1 4+ rd

+f°°

— ) + T Zf10(k) = —fie (k)
dk K(k, ko (k'), (7

where
Kk, k') = —i f_‘; V2w, drH (k, k')
H(k, k') = (1 — £)Hi(k, k') + f, H.(k, k).

The equation contains two types of ions, one is hydrogen
ion, which are the main ion in the plasma, and the other is called
impurity ion because of their small fraction. Among them

exp[— (k' — k)?/4)]
Hi(k, k') = Toky, k1)
’ ad +adx o he
; (k' = k)? 21, Le;
« WT;j + L1 - 377,' + 771( ) T Nike
Wie 2 4al 1 +a)

Wy KLk
21 + ay7y

n ki k' I
(1 +a)tjlp
k = k¢80, k! = koS0’

ki =ki+ k%K% =ki +K?

20,0 = (s + 1)(sin§ — sin#’) — s(0 cos § — 6'cosb’)
ki k! X 2 12
FO — IO ;ﬁt]z exp 7M s
(I + aj)7nZ; 2Z;7i(1 + a))
k = kosO, k' = kgst', k? =k} + k%, k> =k} + k2
1; L L"j

Ti=—, & = —
J

f; = ZnOz/”Oe’ ﬂj = mj/mi, Lej = Lne/Lnj~

Here k, k', ky is normalized to pl’1 =Q/v; =
eBy/cy2T.m;, and L;(I = 0, 1) is the modified /-order Bessel
function. All symbols have their general meaning, such as the
density gradient scale length L,; = —n;/Vn;, undisturbed
plasma density ng, temperature gradient scale length
Lyj = —T;/VT,;, safety factor g, and magnetic shear
s = rdg/qdr. Z is the ion charge number, m; and T; are ion
mass and temperature, and R is the major radius of the torus. It
should be noted that not all parameters are independent, for
example, based on quasi-neutral conditions,

Li= (1 —f L) /(1 = f). (3)
While assuming 7;(r) = T,(r), we achieve
n, = NilLnz/Lne) — f1/(1 = £). 9

The parameters 7;, 1., €, and other parameters in the
equation will influence the dispersion relationship. We use
the gyrokinetic integral code HD7 to discuss their effects in
the next section.

3. Numerical results and analysis

We now study the effect of impurity on the ITG mode with
different temperatures and density gradients with the gyro-
kinetic integral eigenvalue code HD7. Compared with the
nonlinear simulation, the limitation of linear simulation here
is that the turbulence saturation amplitude cannot be obtained,
and the relationship between microscopic instability and tur-
bulence cannot be studied. However, linear simulation is still
necessary: (i) it can determine the possible driving mechanism
and instability conditions; (ii) when the transport caused by
turbulence dominates, the plasma density and temperature
gradient may be adjusted to be close to the threshold pre-
dicted by the linear instability theory; (iii) the temporal and
spatial characteristics of the linear mode may be related to the
turbulent flow, which can provide a rough estimate of the
turbulent transport. We investigate the influence of other
parameters like impurity species and magnetic shear on the
ITG instabilities. In our calculations, since we consider
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Figure 1. Normalized growth rate () and real frequency (w,) of the ITG versus R/Ly; for different impurity charge concentrations f,. The

other parameters are s = 0.8, ¢ = 1.4, kgp, = 0.4, L., =2, . = 1, and R/L,
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Figure 2. Normalized growth rate () and real frequency (w,) of the ITG versus R/Ly; for different impurity charge concentrations f,. The

other parameters are s = 0.8, ¢ = 1.4, kgp, = 0.6, L., = 2, . = 1, and R/L,,

hollow density profile plasma, L., = L,./L,, > 0 means that
the density gradients of the impurity and main ions are in the
same direction, namely, impurities are peaked toward the
plasma edge. L., < 0 means that the density gradients are in
opposite directions.

3.1. Dependence on the ITG

The normalized growth rate () and the real frequency (w,) of
pure ITG modes versus R/Ly; are presented in figures 1(a)
and (b), respectively, where the length of the normalized
electron temperature gradient scale R/Ly. is equal to the
length of the electron density gradient scale R/L,.. It must be
explained here that the black dotted line represents the result
of no impurities, i.e., f, = 0. We can see that the increase of
the ITG enhances both the growth rate and frequency of the
ITG modes, and impurities decrease the growth rate as well as
frequency of the ITG mode distinctly. The higher the fraction
of impurity O, the greater the suppression effect of the ITG.
This suggests that the ITG modes are damped by impurity

= —8. 0" is treated as impurities.

ions. The stabilizing effect of impurities is consistent with
previous research results, because when the gradient of the
impurity ions is the same as the electron density gradient,
the dominant ion density is diluted (the relationship between
the ion density gradient and the fraction of impurities is
presented by equation (8)) [28—32], which makes the impurity
ion effect weaken the driving force of the ITG and stabilizes
the ITG mode.

Figure 2 is the same as figure 1 except that it has a strong
density gradient L,.= —n./Vn. =-8. Compared with
figure 1, the real frequency of the ITG in figure 2 is lower.
Most importantly, the impurity increases the growth rate of
the ITG mode, which is very different in the weak density
gradient case. For the strong density gradient, we have to
consider the gradient of the main ion density. We have
L., =L,/L,, and L; = L,../L,;. Since L., is positive while
L, is negative, this leads to the gradient of the impurity ion
density being the same as that of the main ion density, which
increases the ion density gradient and enhances the driving
force. Therefore, the effect of impurities is destabilizing.
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Figure 4. Normalized growth rate () and real frequency (w,) versus
R/Ly; for different cases. The other parameters are s = 0.8, g = 1.4,
kops, = 0.6, and R/L,. = -8. o+ (with f, = 0.25) is treated as
impurities when they are incorporated.

3.2. Effect of TEs

Figure 3 shows the normalized growth rate () and real fre-
quency (w;) versus R/Ly; for different cases, namely, with and
without impurities, TEs. We set other parameters as: s = 0.8,
q = 1.4, kgp;, = 0.6, and R/L,. = —1. As can be seen from

figure 3, the impurity has a stabilizing effect on the ITG, and
the TE can enhance the ITG instability, where the stabiliza-
tion effect of the impurities is consistent with the previous
simulation results. Concerning the destabilizing effect of TE,
usually, when there are TEs, free energy is transferred from
the TEs to the waves due to the precession drift resonance, so
the TEs are destabilizing for the ITG. This resonance with
TEs is related to the bounce average precession frequency w§
(see equation (5)). The direction of the precession is in the
toroidal direction. In fact, the resonance of TEs with the ITG
mode is clearly represented by the denominator in the front of
the integration over dx? in equation (5), which indicates that
the resonance occurs between the mode oscillation (w) and the
bounce averaged precessional motion (w$) of TEs in the
toroidal direction. Such resonance may have a destabilizing
effect on the mode.

The normalized growth rate () and real frequency (w;)
versus R/Ly; for different cases, namely, with and without
impurities, TEs are presented in figure 4 with R/L,. = -8.
The other parameters are the same as those shown in figure 3.
We can see that there is a big difference between the TE
effects between the weak and strong density gradient cases. In
the weak density gradient situation, the TE effects tend to
enhance the ITG instability, while the impurity has a clear
stabilizing effect. However, in the strong density gradient
cases, both the effects of impurities and TEs increase the ITG
instability, especially the role of impurities, which makes the
growth rate of instability increase by a large amplitude. This
result in the hollow density profile plasma is exactly the
opposite of that in plasmas with normal density gradient. We
need to note that, generally speaking, for the former case, the
total effect of TEs and impurity ions is stabilizing, while for
the latter cases, the total effect is destabilizing.

3.3. Effect of magnetic shear

Numerous studies have shown that magnetic shear is an
important parameter affecting instability, turbulent transport
bifurcation, ion temperature profile invariance, and turbulent
spreading. This is mainly because magnetic shear can affect
the radial structure of the drift mode. In some experimental
devices, the core weak magnetic shear discharge mode, which
is listed as one of the candidates for the advanced operating
modes of ITER, is studied. In this mode, the safety factor
profile of the core is relatively flat and the magnetic shear is
relatively small. A large number of studies have shown that
the weak magnetic shear discharge pattern can well suppress
the current-driven and fast MHD instability, but it is found
that some slow-growing modes still grow, including micro-
scopic drift instability.

In this subsection, we investigate the effect of magnetic
shear on ITG instability in inverted density plasma. For
comparison, we chose R/L,. = -1 and R/L,. = -8, respec-
tively, to compare the flat and steep electron density dis-
tributions to analyze the influences of magnetic shear on ITG
instability. Figure 5 depicts the normalized growth rate ()
and real frequency (w;) versus positive magnetic shear s with
different L.,. Figures 5(a) and (b) represent R/L,. = —1;
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(d) represents R/L,. = —8. Other parameters are set as: s = 0.8, ¢ = 1.4, kgp, = 0.4, and 7, = 1. Cc*e( f. = 0.2) is treated as impurities.

figures 5(c) and (d) represent R/L,. = —-8. We set the other
parameters as: s = 0.8, g = 1.4, kyp;, = 0.4, and 7, = 1. cte
is treated as impurities. From figure 5, it is shown that the
growth rate of the ITG mode decreases with positive magnetic
shear s while the real frequency increases with positive
magnetic shear. That means, large magnetic shear will sup-
press the growth of the ITG mode. A strong electron density
gradient only changes the real frequency of the ITG mode,
while it hardly affects the relationship between the ITG mode
and the magnetic shear.

Figure 6 is the same as figure 5, except the magnetic
shear is negative. From figure 6, we can see that the growth
rate of the ITG increases with negative magnetic shear s while
the real frequency decreases with the decrease of negative
magnetic shear. This indicates that the ITG mode will also
be suppressed with larger negative magnetic shear s. It should
be noted that under the steep electron density distribution, the
effects of impurities on the ITG shown in figures 2 and 5 are
different. This is because we do not consider TEs in figure 2,
and in figure 5 we do consider TEs. If figure 5 does not
incorporate TEs, figures 2 and 5 are consistent under a
negative strong density gradient.

3.4. Eigenmode structure

In this subsection, we discuss the eigenmode structure of the
ITG modes in the ballooning space. To compare the results,

we use s = 0.9 and s = —0.9 to discuss the characteristics of
the ITG in the negative and positive magnetic shear intervals,
respectively. The red solid line and the blue dashed line
represent the real part ((ESr) and the imaginary part (&i) of the
disturbing electrostatic potential, respectively, in figure 7,
which shows the eigenmode structures of the ITG in 6-space
with s = 0.9. Figures 7(a)-(c) represent R/L,. = -1 and
figures 7(d)—(f) represent R/L,. = 8. Other parameters are
set the same as those in figure 5. Figure 8 is the same except
s = —0.9. For positive s, we can see that the eigenmode
structure is well localized in the ballooning space. For
negative s, the eigenmode is elongated along the direction of
the magnetic field lines, thus requiring a higher calculation
accuracy. As shown in figures 7 and 8, the length calculated
in the negative s interval is greater than the value in the
positive s. In addition, we learn that for relatively large
electron density gradients, the ITG mode structure has
oscillations in the #-space.

4. Summary and discussion

In this paper, with a local equilibrium model, the local
properties of the ITG mode in tokamak plasmas of inverted
density profiles are studied in the presence of impurity ions
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treated as impurity species.
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Figure 7. Eigenmode structures of the ITG in the (6) space with s = 0.9. (a)—(c) represent R/L,. = —1; (d)—(f) represent R/L,. = —8. Other
parameters are set the same as those shown in figure 5. C™6 is treated as impurities with f, = 0.2.
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Figure 8. Eigenmode structures of the ITG in the (0) space with s = —0.9. (a)—(c) represent R/L,. = —1; (d)—(f) represent R/L,,. = —8. Other
parameters are set the same as those shown in figure 6. C*° is treated as impurities with f, = 0.2.

and TEs, using the gyrokinetic integral eigenvalue code HD7.
The specific results obtained can be summarized as follows.

(1) The increase of the ITG enhances the ITG growth rate
and frequency. The effects of the TEs and impurity ions
depend on the electron density gradient. In the weak
density gradient situation, the TE effects tend to
increase the ITG instability, while the impurity has a
distinct stabilizing effect. However, in the strong
density gradient cases, both the impurity and TEs
increase the ITG instabilities.

(2) The magnetic shear s is an important parameter
affecting ITG instability. It is found that the growth
rate of the ITG decreases with positive magnetic shear s
while the real frequency increases with s. We also
demonstrate that the growth rate of the ITG increases
with negative s while the real frequency decreases with
s. In addition, in inverted density plasma, the length of
the calculated mode structure in the negative s interval
is greater than that in the positive s case.

Future work will include a quasi-linear study of TE and
impurities effects on the ITG mode in toroidal plasmas with
hollow density profiles. Moreover, electromagnetic simula-
tions of the ITG in toroidal plasmas are also ongoing.
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