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1 Introduction

In this paper we focus on micro-instabilities destabilized by spatial inhomogeneities,
particularly those driven by ion temperature gradients (ITG), which are commonly con-
sidered leading candidates to explain the anomalous transport in magnetically confined
fusion plasmas. Nonlinear gyrokinetic simulations play an important role in understand-
ing the physics of these micro-instabilities [1]. We present results obtained with a recently
developed semi-Lagrangian (SL) code both in the linear and the non-linear regime of the
ITG instability, and we compare these results with those obtained with Particle in Cell

(PIC) codes which solve the same equations [2, 3].
2 Semi-Lagrangian code

In the SL code, a uniform magnetic field B=BZina periodic cylindrical plasma is con-
sidered, electrons are assumed adiabatic and finite Larmor radius effects are neglected.
Thus, the characteristics of the ions are the guiding-centre (GC) trajectories
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E being the electric field, ¢ = Ze and m,; the ion charge and mass, respectively. The ion
distribution function f(r, 8, 2, v, t) obeys
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The system of equations is closed by invoking quasi-neutrality

v l%ogj ﬁL(I)] + 6720(%) (P—<P>)=n;—ng (3)

where the first term on the left hand side is the polarization term, ®(r,6, z,t) is the

electric potential, E = —6@, < . > represents the average on the magnetic field lines,
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n;(r, 8, z,t) is the ion density, ng(r) is the equilibrium density, T, (r) is the electron tem-
perature profile and Q,; = ¢B/m;. The integration of the Vlasov equation, Eq. (2), is per-
formed using a time-splitting method and the fact that f is constant along the character-
istics of the particles [4, 5]. The Poisson equation, Eq. (3), is solved using a finite element
method. The plasma is initialized by exciting a superposition of ITG modes (m,n) with
random phases and amplitudes, f(r,0, z,v),0) = fu[1+h(v)g(r) X €mn cos(2mnz/L,+
mb + )], where fu(r,v)) = (no/\/27rTZ-/mi) exp(—mivﬁ/QTi), L, is the cylinder
length, and h and ¢ are fourth order polynomials with Dirichlet boundary conditions.
The results presented here correspond to simulations with a (128 x 64 x 32 x 64) dis-

cretization and dt = 1.
3 Linear regime

In order to compare the results of the SL code with analytical values, we neglect the
polarization term in Eq. (3) and we consider a flat density profile, ny = constant. More-
over, we set the cylinder length to L,/p, = 628 (where p, = \/kpTro m;/eB), the radius
to L,/ps = 10 and the electron temperature profile to a constant. The ion temperature
profile is such that dInT;/dr = —kpcosh™>[(r — r*)/Arg] (with kp = 4, Arp/p, = 0.1
and 7 = 0.5 L,) and T;(r*) = Ty = Te. In the limit in which the ITG frequency
w is such that wr; > w > kv (where wr; = (ky/gB) dT;/dr is the diamagnetic
drift frequency related to the ion temperature gradient and vy = \/m), an
unstable mode exists whose growth rate can be analytically estimated and is given by
v =3 |k? v}, wri|'/3/2. In Fig. 1 (left), the computed and the analytical values of the

growth rate are shown for ITG modes with n = 4, m = 10, ...,20. A very good agreement
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Figure 1: (left) ITG growth rates: numerical () and analytical (o) values; (right) ITG fre-
quencies: values obtained with the SL code (x) and with LORB5 (o).
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Figure 2: ITG growth rates: values obtained with the SL code (x) and with LORB5 (o).

is reached when the corresponding ITG frequency satisfies the condition in which the
analytical formula holds, w > kv = 0.04 Q; (in the present case for m > 16).
When the polarization term is included in Eq. (3), the ITG frequencies and growth
rates obtained with the SL code are compared with those obtained with the code LORBS5.
For the comparisons with the PIC codes we use the following configuration: L,/p, = 14.5,
L,/ps = 1508, k, = 0.8, Ar,/ps = 0.2, and the other parameters set as before. The
electric potential ® is Fourier filtered in the periodic coordinates, as is done in the PIC
codes (the filter retains modes up to |m| = 16 and |n| = 8). The results are plotted in

Fig. 1 (right) and Fig. 2, and show a good agreement between the codes.
4 Non-linear regime

In the non-linear regime, the saturation of the ITG instability occurs. We compare
the results obtained with the PIC code ORB5 using 33 million tracers (PIC 33) and
67 million tracers (PIC 67) with those obtained with the SL code. In performing this
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Figure 3: Comparison between the SL code (solid blue), ORB5 with 33 million tracers (dashed
red) and ORB5 with 67 million tracers (dotted black): (left) time evolution of the field energy

and (right) of the heat flux.
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Figure 4: (left) Comparison between the SL code (solid blue), ORB5 with 33 million tracers
(dashed red) and ORB5 with 67 million tracers (dotted black): time evolution of the total
energy; (right) SL code: time evolution of the relative error in the number of particles.

comparison, we do not include modes with n = 0. In Fig. 3 we show the time evolution
of the field energy (left) and of the heat flux (right). Even if the overall behavior of these
quantities obtained with the two codes is very similar, the level of saturation attained
is different (i.e., a factor 100 in the flux). This is an issue that we plan to investigate
better in the future. The conservation of the total energy (see Fig. 4, left), which is an
important property to verify the quality of a numerical simulation, is equally good in
PIC 67 and SL. The latter conserves the number of particles N with a good accuracy
(see Fig. 4, right), the relative error in N being of the order of 107° at the end of the

simulation.
5 Conclusions and further work

A SL code has been developed which is able to describe the non-linear phase of the ITG
modes instability conserving the total energy of the system to a good accuracy compa-
rable to that attained with the PIC code ORB5. Further investigations are necessary to

understand the different level of saturation observed in the heat flux with the two codes.
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