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on magnetic curvature-driven drift modes
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In the fluid model, we derive a dispersion relation for the toroidal drift modes of tokamak plasmas, including the

ion pressure gradient and the magnetic field gradient and curvature. It is shown that the magnetic field gradient and

curvature (MFGC) can cause instabilities at the rational surface, which are of toroidicity-induced (TI) modes. On the

other hand, it is discovered that the ion pressure gradient can stabilize the present MFGC instabilities. The critical

threshold of ion pressure gradient, which makes the growth rate reduced to zero, is obtained both analytically and

numerically.
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1. Introduction

The transport of energy and particles across the
magnetic field is still an unexplained phenomenon.
The observed transport coefficients for energy and
particles generally exceed neoclassical predictions by
more than two orders of magnitude. Understanding
and controlling such anomalous transport is one of the
major challenges for magnetic confinement fusion re-
search. As the potential causes for such anomaly, the
ion temperature gradient (ITG) and electron temper-
ature gradient (ETG)-driven instabilities have been

extensively studied over the past years.[!=6]

In addition, the toroidicity-induced (TI) modes
have also been extensively studied.=13] It has
been shown that TI and ITG modes can exist
simultaneously.[”:8] Furthermore, the damping of neg-
ative magnetic shear on the TI instabilities with the
participation of ITG effect has also been studied.'!]
The results indicated that the negative magnetic shear
in the typical tokamak parameter regime can damp
the growth rate of TT instabilities but not completely
suppress them. Thus, it is important to find a mech-
anism that can completely suppress TI instabilities.

In this work, we derive a simple dispersion relation

for the TT modes driven by the ions’ and electrons’
magnetic field gradient and curvature drift frequency
(wp; and wpe) and study the effects of ion pressure
gradient on the instabilities. It is found that the ion
pressure gradient can suppress the growth rate of the
TT instabilities to zero. Here it should be pointed out
that the toroidicity in Refs.[7T-12] means the toroidal
coupling of several modes due to wp; and wp.. How-
ever, the present modes(!3] are directly driven by wp;
and wp, and their coupling. So, in the following we
call the present drift mode the MFGC mode.

2.Basic equations

We now study an electrostatic perturbation in
the usual circular cross-section tokamak with B, =
By/(1+ ecosf) and By = (¢/q)B,, which varies as

5f =fexp(ik - r — iwt)
=fexpli(k,r + kord + k.2 — wt)), (1)

where k = 7k, + éke + 2k, is the wave vector. Here
the dependence of f on r is omitted for the radial lo-
cal mode, which is valid when the radial variations of
equilibrium physical quantities over the mode width

can be neglected.['* In the sheared coordinate system
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6, =bx 7, this mode gives rise to k; = [kg — (¢/q)k.)]
and k; = [k. + (¢/q)ke]. In this case, the wave vec-
tor is expressed as k = bk, + 7k, + é 1k, where
b= 2+ (s/q)é]/[l + (¢/¢)?]*/? is unit vector of mag-
netic field and é, = [é —(e/q)2]/[1+(g/q)?]"/? is that
of the perpendicular direction to magnetic field. Ac-
cordingly, the derivative V. = V, + V, + V, with
V,=#-V,V, =¢éé -V,and V) =bb-V

To derive the present dispersion relation for
MFGC modes, we use the two-fluid description in the
sheared coordinate system. In addition, for simplicity
the electrons are assumed to be adiabatic in an elec-
trostatic case. Then, our model consists of the conti-
nuity equation of ions and adiabatic electrons and the
energy equation of ions, which can be expressed as,

respectively,

[(vij) = Vo) + (Vipi — Vape)] - V0
+nV - [(Viy = Vo) + (Vapi — Vipe)]

+ V- (nvp;) =0, (2)
7] 5
s (viy) +vE) - Vpi + gpiv - (viy) + vE)
5 5 5
+3vpi- Vpi + 3TUUD; ° VT + gpiv v =0, (3)
where vp; (j = 4,e) is magnetic field gradient and

curvature drift velocity, v.,; is diamagnetic drift, v;
is parallel fluid velocity, vg is E x B velocity, and vp;

is ion polarization drift,
vpi = — (Bw 4)_1i¢ = —(Bwe) ™t
pi ci dt ci

29,4 V)6 + (V)T + V109 (1)
Here the polarization drift of electrons has been omit-
ted, being small compared with that of ions. Equation
(1) is obtained by subtracting the continuity equation
of electrons from that of ions with the quasi-neutrality
condition n = n, = n;. The approach makes our
model include the electron drift effects, e.g. vype, even
for the present adiabatic electrons in the electrostatic
case, which is remarkably different from the conven-
tional fluid approach of studying ITG modes.*® This
is a key point leading to the present results. In Eq.(3),
the cancellation relation between the convective dia-
magnetic drift and diamagnetic heat flow of ions has
been considered.
For an arbitrary vector, e.g. the total fluid ve-
locity v;, we use dv; and §(V - v;) to describe the
linearization of v; and its divergence while the equi-

librium fluid velocity is denoted by V;. Then, we

obtain, respectively, from linearizing Eqgs.(2)—(4),

(Vi) =Vey)- Vi
+ Vi Vhi — Ve - Ve +6(V - vy,)

+ V// . (5vi// — 61;9//) =0, (5)
op; - (5 ~
ot T (Viy+VE)-Vpi+ 7 gVDi ~Vipi) Vo
+?VD1-V]517gVDi-VTNl-f-gCS(V-UPi)ZO, (6)

§(V - vy) = —ibi(w — k- Vi), (7)

where p; = dp;/P;, i = én/n, b= edd/Te, T =T/ T,
p = (Tom;)'/%/eB, and b; = (k% + k2?)p®. For sim-
plicity, here we study the mode at the ration surface,
i.e. its parallel wavenumber k,, = 0. At the rational
surface, it is physically required that every physical
quantity should be finite. Thus, for an arbitrary fluid

velocity v; at the rational surface, we have
ky-v; =0. (8)

Subsequently, we note that for the adiabatic electrons,
T, = 0Te/Te = 0 and thus(t6]

ﬁe = 'fLe = ¢ (9)

Then, the combination of Egs.(5)—(9) yields a simple

dispersion relation,

22 + i+ wpe — wmi(2~ b))
10 5
— ?wDewDi —|— 5(1 —_ T_l)w]%i = 07 (10)

where WpDe = k- VDe, Wpj = k- VDia Wxpi = k- V*pi,
and 2 = w — k- V;. In deriving Eq.(10), the terms
T_leiw*pi and wpewspi have cancelled each other. In
addition, we have used Viy+VE=V;i—V,,. From
Eq.(10), we obtain the real frequency and growth rate

of mode,

0, = [g (%) - gf(z b)) - 1)/(2k),  (11)

7= \/207(1 +7)/3 — 46202 /2b;. (12)

Here the frequencies are normalized to wp,, e.g. the
normalized w,p; = —TR/2Ly;, where R/L,; is the nor-

malized ion pressure gradient.
3. Numerical results

When the ion pressure gradient tends to zero, e.g.
in the core regime of tokamaks, the instabilities, de-
scribed by Egs.(11) and (12), are driven completely

by magnetic field gradient and curvature drifts of ions
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Fig.1. Growth rate and real frequency versus b; for
7 = 0.5 (solid line), 1 (dashed line), and 1.5 (dotted

line), where R/Lp, = 0.
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Fig.2. Growth rate and real frequency versus 7 for
b; = 1.5 (solid line), 3.5 (dashed line), and 5.5 (dotted

line), where R/Lp, = 0.

and electrons. In that case, the b; spectrum of growth
rate ranges from b; = 0.7 to b; = 12.8, as shown
in Fig.1. However, the peak values of growth rate
are always near b; = 1.2. The 7 spectrum of long-
wavelength modes (here b; < 6) is completely differ-
ent from that of short-wavelength modes. It can be
seen from Fig.2 that the long-wavelength modes have
almost no stable 7 parameter regime. However, for
the short-wavelength modes (see Fig.3), the shorter

the wavelength is, the larger the stable 7 parameter

regime is.
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Fig.3. Growth rate and real frequency versus 7 for
b; = 9 (solid line), 10 (dashed line), and 11 (dotted
line), where R/Lp, = 0.

Figure 4 shows the b; spectrum of growth rate
and real frequency for different ion pressure gradients.
Generally, the growth rate first increases and then de-
creases to zero with increase of ion pressure gradient.
Thus, there exists a critical threshold of ion pressure
gradient, which suppresses the growth rate to zero.
Taking the growth rate in Eq.(12) to be zero, we have
the threshold

[1+57(2—b;)/3] + /20bi7(1 +7)/3
T/2 '

R/Ly =
(13)
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The maximum threshold of ion pressure gradient
is near b; = 1.2, as displayed in Fig.5. Furthermore,
Fig.5, together with Fig.6, shows that the threshold

increases with decrease of parameter 7.
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Fig.4. Growth rate and real frequency versus b; for
R/Lp; = 0 (solid line), 7.5 (dashed line), and 12.5
(dotted line), where 7 = 1. |

4. Summary

In summary, the present paper gives a simple
method of building a fluid model for TI modes. In
the present model the dominant MFGC instability is
near b; = 1.2, which is important in a tokamak core
regime, where the plasma pressure gradient is small. It

is discovered that the ion pressure gradient stabilizes

18

Fig.5. Critical threshold of ion pressure gradient
R/ Ly; versus b; for 7 = 0.5 (solid line), 1(dashed line),
and 1.5 (dotted line).
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Fig.6. Critical threshold of ion pressure gradient
R/Ly; versus 7 for bj = 1.5 (solid line), 3.5 (dashed
line), and 5.5 (dotted line).

the MFGC modes. The critical threshold of ion pres-
sure gradient, which makes the growth rate decrease
to zero, is obtained both analytically and numerically.
The maximum threshold is in the position where the
maximum growth rate is, near b; = 1.2. On the other
hand, the threshold decreases with increase of param-

eter 7.
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