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Abstract. In order to better identify the role of the magnetic topology on ITG and TEM
instabilities, different MHD equilibria with increasing complexity are calculated using the
CHEASE code [1]. We start from the geometry of the s-a cyclone benchmark case [2], consider
the corresponding circular numerical equilibrium, and then successively add a non zero value
of a consistent with the kinetic profiles, an elongation of 1.68, a triangularity of 0.15, and
finally an up-down asymmetry corresponding to a single-null diverted geometry. This gives
the opportunity to study separately the effect of each main characteristics of the equilibrium
on microinstabilities in core plasmas. Linear local electrostatic gyrokinetic simulations of
these different numerical equilibria and of their corresponding analytical descriptions (Miller-
type representations [3]) are performed using the codes GS2 [4, 5] and GYRO[6]. It is
observed that each modification of the equilibrium has an influence on the results of gyrokinetic
simulations. The effect of the o parameter can compensate the stabilizing effect of an increase
in the elongation. A comparison between the up-down symmetric shaped equilibrium and its
corresponding diverted configuration show a non negligible effect on the growth rate of ITG and
TEM turbulence. The comparison between the local Miller model and using a full equilibrium
shows that it is mainly the indirect change of elongation in the plasma core which influences the
results. The global aim is to provide well defined benchmark cases including real geometry and
kinetic electrons physics, since this is not analyzed by the cyclone case. In addition, the goal is
to define a procedure for testing of local simulations inspired by experimental constraints and
results.

1. Introduction

The magnetic flux surface shape defines the geometry of the plasma considered in a gyrokinetic
simulation. It is generally defined either using an analytical model or solving numerically the
Grad-Shafranov equation to obtain the MHD equilibrium. There are still many gyrokinetic
simulations which are based on the s — o model for the equilibrium and used to compare with
experimental results. In addition, these simulations are usually local flux tube simulations in
order to save CPU time. However experiments do use the stabilizing effects of plasma shaping.
In addition, the comparison of local transport properties between different plasma regions
inherently include a difference in plasma shaping. Therefore gyrokinetic simulations need to
include the effective magnetic topology [7, 8], either through the Miller model [3] or coupled to



a full 2D MHD equilibrium representation. Therefore, before validation of experimental results
can occur, code benchmarking including these features is necessary. The aim of this work is
to provide a benchmark framework which builds upon the cyclone case [2], but which would
include the main new physics assumption which are usually used in present simulations, namely
kinetic electrons, toroidal geometry, consistent « and collisionality. In addition, electromagnetic
effects should be tested, but this can be performed at a later stage. On top of this, we would
like this framework to allow for the comparison between local and global simulations. In doing
so, we shall see that it provides a framework for comparison with experiments as well.

There have been many valuable published results of comparison between gyrokinetic
simulations and experimental results or of high level code benchmarking. We cannot review them
here and our purpose is to add to these activities with a different point of view, which provides
new physics insights while performing code benchmarking. The most recent benchmarking
activity has used the cyclone base case and adiabatic electrons, for core transport benchmark
[9] using nonlinear codes. In this paper we first test linear simulations, since one cannot expect
quantitative analyses of nonlinear simulations if the linear results do not agree already. A
first step is to go beyond the s — a model, both in terms of magnetic topology and of finite
value of a. It was thought that using an s — @ model would ease the benchmarking exercise,
removing the difficulties of checking the implementation of the equilibrium interface in different
codes. It was shown recently that it was actually not true and even the s — o model introduced
discrepancies and errors [10]. These can lead to differences sufficient to bring doubt about one
code’s simulations. This was recently resolved with respect to the px scaling [11], but it shows
that benchmarking including the full MHD equilibrium is a timely exercise. These recent results
[11] also show that comparing global and local results are very useful.

It is well known that the effect of kinetic electrons on I'TG is significant. In addition, a recent
paper using a quasi-linear model has shown that the transition between ITG and TEM is very
important to determine the zero particle flux stationary state and therefore for particle transport
[12]. This is confirmed by nonlinear results [13, 14]. Therefore it is important to benchmark as
well the treatment of kinetic electrons included in the codes, both the effect on the ITG and the
transition point to the TEM. Since finite « [15, 16] and collisionality have significant effects on
TEM, they should be included as well. In this paper, we shall discuss the inclusion of finite «,
however the inclusion of collisionality effects will be studied at a later stage.

2. The five MHD equilibria and the s-a model

There are many choices that can be made to define various equilibria from the cyclone test case,
which is local, circular and based on the s-a model with a=0. Since the cyclone case is based on
DIII-D experimental results [17], we found interesting to aim towards an equilibrium equivalent
to the actual experiment. The latter has gg5 = 3.8, K = 1.68, I, = 1.3MA, By = 2.09, Sy = 1.85,
Zeg = 2.3 and we reconstructed the pressure profile from Fig. 5 of [17] as well, with peqge = 0.
For the plasma boundary, we have taken a typical single-null (SN) from DIII-D and the above
geometrical characteristics as seen in Fig. 1(e). To match the top triangularity, we have chosen
0 = 0.15. These choices allow to define five equilibria with increasing shaping effects from
circular-a = 0 (Fig. 1a), circular-a # 0 (Fig. 1b), elongated (Fig. 1c), elongated+triangularity
(Fig. 1d) and up-down asymmetric (Fig. le).

The ¢ profile still needs to be determined. Since the central ¢ value is usually close to
one, experimentally, we imposed ¢y = 0.95. One could also impose the ¢ = 1 radius, however
matching qo, qo5 and the value of ¢ = 1.4 and s = 0.78 at r/a = 0.5, as in the cyclone case, was
sufficently constraining. This has been performed by tuning the current density profile given
to the CHEASE equilibrium code [1]. The resulting flux surfaces are shown in Fig. 1, where
a = 0.36 and Ry = 1.68 was also used. The corresponding eqdsk files are available as output of
the code. Note that both the g profile and the magnetic shear profiles do match very well for the



five equilibria. One could have chosen to keep I, fixed. However experimental comparison across
machines are usually performed at similar gy and gg5 values and thus at similar ¢ profile. Note
also that we want to compare the ITG and TEM growth rates with local physics parameters as
close to the cyclone base case as possible, in order to compare them within the same context.
It should be noted that usually, when the plasma elongation is increased in particular, the ¢
profile broadens and is essentially flat and near one over a large volume. However in the suite
of equilibria computed here, we have kept the g profiles self-similar.

Table 1 gives the main parameters of these equilibria, with x and § being the local values of
elongation and triangularity and not the edge values. The shift is defined by dRy/dr where Ry
is the flux surface geometrical center.

psi(R,Z), case V psi(R,2), case IV psi(R,2) , case III

1.2 1.4 1.6 1.8 2 2.2 1.2 1.4 1.6 1.8 2 2.2 1 1.5 2
R R

psi(R,2), case II psi(R,2) , case I

Figure 1. The five equilibria: (V) circular a = 0; (IV) circular o # 0; (III) elongated a # 0;
(IT) k + 6 and « # 0; (I) single-null down.

3. Some specifications about the simulations

Other parameters, non related directly to the magnetic topology are taken from cyclone case
(based on DIII-D discharge 81499): n. = n;, T, = T;, g = 1’%—% = 0.18, r/a = 0.5, Rp=1.68m,
a=0.6m , R/L,=2.22 ,R/L1r=6.91. These are the local values at r/a = 0.5, the full profiles are
shown below. In this paper, only the local Eulerian gyrokinetic simulations have been performed
with GS2 and GYRO.



number shape q q9s s @ shift K ) I, [MA] | BN
\Y circular | 1.42 | 3.72 | 0.84 | 0.0 | -0.06 | 1.01 | 0.00 0.64 0.0
v circular | 1.45 | 3.66 | 0.76 | 0.47 | -0.23 | 1.04 | 0.00 0.78 3.60
111 elongaged | 1.38 | 3.70 | 0.74 | 0.49 | -0.16 | 1.47 | 0.00 1.34 2.16

II shaped 1.37 | 3.87 | 0.77 | 0.49 | -0.16 | 1.43 | 0.03 1.33 2.18

I diverted | 1.37 | 3.92 | 0.80 | 0.48 | -0.15 | 1.30 | 0.08 1.31 2.17
Exp.[17] || diverted | 1.4 | 38 | 0.78 | - - - - 1.3 | 1.85

Table 1. Caracteristics of the 5 equilibria created to pass from a concentric circular geometry
to a geometry close to an experimental discharge. The value of k at the last closed flux surface
is 1.68 and the value of § is 0.15 .

In GS2, the Miller flux surface shape is given by (in normalized units):

R(r,0) = Ro(r)+rcos[f + d(r)sin(6)] (1)
Z(r,0) = k(r)rsin(0) (2)

The Miller-type flux surface shape of GYRO is given by:

R(r,0) = Ro(r)+rcos(0+ arcsin(d(r))sin(0)) (3)
Z(r,0) = Zy(r)+ k(r)rsin(0+ ((r)sin(26)) (4)
One can notice that dgso = sin ' (dgyro). In both codes, x(r) and §(r) are calculated

using limited developments around r the flux surface considered. The codes also need in input
k' =dk/d(r/a) and 0’ = dd/d(r/a). The values considered for the five cases are in table 2.

number K’ 6’
A\ -0.015 | 0.002
v -0.050 | 0.007
111 0.205 | -0.019
II 0.217 | 0.078
I 0.200 | 0.209

Table 2. Additional Miller parameters

The pressure profile used for the equilibrium reconstruction was based on the profiles
presented in [17]. Using CHEASE input parameters, we can obtain from total pressure the n,
and T¢ profiles, assuming T, = T, ne = Ny, Lpe/L1e = 3, Teokev /Neokey = 0.69 and pe/p = 0.5.
In this way, we make sure the kinetic profiles are consistent with the total pressure used for the
equilibrium. We obtain the profiles shown in Fig. 2. We also show the profiles of R/Lye, R/ Ly
and px = ps/a, with ¢ = \/T,/m; and ps; = ¢;/Q;, assuming a deuterium plasma. The values
near r/a = 0.5 are very close to the cyclone base case and thus can be used with global codes
for realistic benchmarking. Note that with global codes, not only the profile gradients vary over
the plasma radius, but also the p* value. However, we have constructed the equilibrium such
that the pressure profile is consistent with the local scalelengths at r/a = 0.5 used for the local
calculations (within 10%). In addition, the ¢ and magnetic shear profiles are very close to one
another throughout the scan in equilibria as shown in Fig. 3. Therefore this set of equilibria
and profiles is very well suited for global code benchmarking as well.



6000 0.01

5000 0.008

4000
0.006f o

3000

Te [eV]
p*

0.004
2000

1000 0.002

-

w

1/p*

R dln(ne) /dr
N

R dln(Te)/dr

Figure 2. Profiles extracted from the pressure profile used for the equilibrium calculation with
prescribed 1 and p./p with specific CHEASE input parameters.
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Figure 3. Safety factor ¢ and magnetic shear s for the various equilibria.

4. Comparison of the three equilibrium models
There are basically three equilibrium models considered in this study: (1) the s — o model, (2)
the Miller model, and (3) the full global MHD equilibrium. We compare these on the cyclone
case, that is with a = 0 and case V shown in Fig. 1. This is a similar comparison as performed
n [10]. We find the same result, namely that the modes frequencies and growth rates obtained
with the s — o model as implemented in GS2 and GYRO, does not match the ones obtained
with a circular shaped configuration. The difference is explained in [10] and is due to an over-
simplification of a metric term. On the other hand, both the Miller model and the full numerical
equilibrium give the same results. In addition, for all cases, GS2 and GYRO give very similar
results for both the ITG and the TEM branches. Note that the comparison performed here
includes kinetic electrons, contrary to [2, 10]. It shows that the difference between the s — «
model and the real geometry is not only with respect to the value of 7, but also the value of
ky p; at the transition between the ITG and TEM.

In Fig. 5, we compare these three equilibrium models with case IV as well, which has a finite



value of @ = 0.5. We find the same effects as with case V, a = 0, Fig. 4. The value a = 0.5 is
such as to be consistent with the profiles corresponding to the input physics parameters R/Ly, 1.

Figure 4. Real frequency (left) and growth rate (right) as a function of the poloidal wave
vector ky for a linear simulation of case V (Table 1). Solid line: numerical equilibrium, dashed
line: Miller geometry and dashed-dotted line: s — a model. Red triangles: GYRO results, blue
squares: GS2 results. The frequency follows GS2 convention, ion direction for w > 0.

CASE IV

Figure 5. Same as in Fig. 4 but for the equilibrium case IV.

5. Miller and full equilibrium comparison at similar s
In this Section we compare the Miller and numerical equilibrium models for the cases III, IT and
I, that is at fixed elongation and including finite §, keeping up-down symmetry (case II), and
including a full single-null down (SND) geometry with the same upper triangularity (case I). This
is mainly to compare the codes with different equilibrium interface, within small modifications
of the equilibrium, in order to have a better measure of the level of code and equilibrium model
agreement.

Fig. 6 shows the modes frequencies and growth rates versus kyp;. Comparing solid lines
(GS2-numerical equilibrium) with dashed lines (GS2-Miller), we see that there is essentially no



difference for the up-down symmetric cases and a small difference (about 5%) for the SND case.
The GYRO results, with Miller, match very well the GS2 results as well, even for the SND case
although the Miller representation is slightly different. We did not have time to compare with
GYRO and the full MHD equilibrium and this will be performed at a later stage.

With respect to the influence of small shaping effects on the modes, we see that adding an
edge 6 = 0.15 does not affect the modes much at mid-radius, as expected from Ref. [18]. On the
other hand, the SND geometry has higher maximum growth rates. This is because the effective
elongation decreases faster from the edge and is therefore smaller at r/a = 0.5 as seen in table
1. Since elongation is stabilising, this yields larger growth rates for the SND case. Note that
with case I, there is a small difference between the Miller and numerical equilibrium, with GS2.
This difference is larger than for cases II and III and is therefore significant. It is due to the non
up-down symmetric shape of the flux surface, which can be encapsulated only with the numerical
equilibrium, and the larger triangularity at the bottom. However the effect is small and Fig. 6
shows that the main parameter which needs to be matched is the flux surface elongation.

CASE III, II and I

CASE III, II and I
0 0.5 1 0 0.5 1
k_-p. k -p,

y y 1

Figure 6. Real frequency (left) and growth rate (right) spectra for cases III (blue squares),
IT (red circles) and I (green triangles). Solid line: GS2 results with numerical equilibrium,
dashed line: GS2 results with Miller geometry and dash-dotted line: GYRO results with Miller
geometry.

6. From circular to single-null equilibria and the effects on ITG and TEM

We can now look at the general effects of shaping on the ITG and TEM modes when the
global MHD equilibrium is modified from circular-non-shifted (V), to circular shifted (IV), to
elongated-shifted (III), to elongated-shifted with triangularity (II) and finally to SND-shifted
(I), while keeping the local value of €, ¢ and s constant as well as the global values of ¢o and ggs.
This suite of equilibria mimics the various approximations performed when comparing with an
actual experimental case (SND) and an “s — a” equivalent case. Note that we do not compare
with the s — a model since it is incomplete, as discussed above.

Fig. 7 shows the modes frequencies and growth rates versus k,p; obtained with GS2 and the
five numerical equilibria shown in Fig. 1. Comparing just the “experimental” case I and the
simplest case V, circular-a=0, one could have concluded that there is little effects of shaping and
no reason to use a realistic equilibrium. Indeed, both curves are nearby for both the frequency
and the growth rate. However this is a coincidence and can be explained through the various
steps. First, including a finite o value consistent with the imposed profiles, the modes are



destabilized. This is also somewhat coincidental since the effect of a can be either stabilizing or
destabilizing dependending on the magnetic shear as will be discussed below.

Adding elongation is strongly stabilizing and therefore the high growth rates of case IV are
brought down by case III to the lowest values of the various cases (Fig. 7) and below the starting
circular-a=0 case. The addition of positive triangularity, case II, only slightly destabilizes the
modes, as discussed before. On the other hand, the final step, using a SND equilibrium which
reduces the effective plasma elongation inside the plasma, is destabilizing and brings the growth
rates back up to near the levels of the circular-a = 0 case.

Figure 7. Real frequency (left) and growth rate (right) spectra for cases V, IV, III, IT and I.
Results obtained with GS2 and numerical equilibria.

The destabilization with a can be surprising since it is usually said that it is stabilizing.
Actually, from the Ballooning representation one sees that it is (s — ) which is important. In
addition, it is well known that the growth rate has a maximum near (s — o) = 0.5. Therefore,
depending on the starting parameters, increasing a can be either stabilizing or destabilizing,
except if very large values of o are added, in which case it will be stabilizing. To have a better
idea of the situation with this set of parameters, namely the cyclone case with kinetic electrons,
we have performed a scan of shear and « values and determined the value of v of the most
unstable mode at kyp; = 0.4. The contour plot for the cyclone case with kinetic electrons and
s — a model, for simplicity, is shown in Fig. 8(a). One clearly sees that not only the maximum
value, but the whole contour lines align essentially along (s — «). The black line indicates
that actually s = 0.28 4+ 0.65« reflects better the location of max(y) at kyp; = 0.4. Assuming
adiabatic electrons, we obtain almost the same slope for the ridge, namely s = 0.37 + 0.63q.
In Fig. 8(b), we show the case with ¢ = 2.84 instead of ¢ = 1.42. The fit changes slightly to
s = 0.315 + 0.70c, but the contours remain self-similar.

In Fig. 9 we then plot both v and the mode frequency versus (s — 0.65c — 0.28), for various
values of s, for the cyclone case with kinetic electrons. We see that all the curves align indeed
very well and the offset of 0.28 is such as to bring the maximum 7’s at x = 0. In this way one
sees that the mode frequency is not at a minimum at this point. Of course, (s — 0.5a) would
look almost as good, similarly to (s — a)), which explains why either have been mentioned in
the literature. The value of 0.65 is not universal and depends on the plasma parameters, as
seen from the examples above. Note that the cyclone case has s = 0.78 and a = 0, leading to
s — 0.65a — 0.28 = 0.5 > 0. This is why adding o = 0.5, yielding s — 0.65ac — 0.28 = 0.175, one
gets closer to the maximum and « is destabilizing. Figs. 8 and 9 show that the benchmark case



Figure 8. Contours of v of the most unstable mode at k,p; = 0.4 for different values of s and
a, using GS2 and the s — o model. (cyclone case with kinetic electrons and finite a. (b) same
but with ¢ = 2.84 instead of 1.42.

is close to the ridge and therefore small differences in the implementation of s or « in the codes
might not be seen. Therefore, the comparison of a full scan is useful.
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Figure 9. Growth rate (top) and real frequency (bottom) of the cases shown in Fig. 8(a).

7. Conclusion

We have extended the cyclone benchmark case [2] to include kinetic electrons, self-consistent
finite a values and realistic magnetic geometry. This has lead to the construction of five equilibria
in order to be able to compare with circular shape simulations (case V) up to full SND geometry
(case I). The intermediate cases allow to check the equilibrium interface and to understand the
effects of adding elongation, triangularity and up-down asymmetry. The calculation of the five
equilibria is not unique. We have constrained the pressure profile to be consistent with the
values of R/L, 1 and with the original experimental data [17]. We have also imposed gy = 0.95



and the value of qg5, since this allows also to be closer to the comparison with experimental
results.

We have analyzed the linear electrostatic results using the GS2 and GYRO codes, including
three equilibrium models in the codes: s — «, Miller [3], and MHD equilibrium (calculated with
CHEASE in our case [1]). We have confirmed that the s —a model, as implemented in the codes,
cannot reproduce the results with the circular non-shifted equilibrium (case V), as found in [10].
This difference remains important with kinetic electrons and finite a. We have also shown that
both codes give similar results in all cases, and that the difference in the Miller model does not
lead to significant differences with these parameters.

Both the ITG and TEM modes have been studied and their growth rates and mode frequencies
vary with each equilibrium. Due to the original parameters of the cyclone case, adding a self-
consistent « value to the circular equilibrium is destabilizing (case IV), while adding elongation
is stabilizing (case III). The addition of triangularity on top of elongation (case II) has little
effect and one would need a much larger triangularity to see a significant effect [18]. Finally,
using a SND geometry (case I) with the same elongation and top triangularity as case II, is
destabilizing. This is due to the reduction of the effective elongation of the core flux surfaces
with respect to the up-down symmetric case. This could explain why double-null geometries
tend to have better properties. In any case, it shows that the variations through these five
equilibria are very instructive both for code benchmark purposes and to understand the effects
of various assumptions when gyrokinetic simulations are applied to compare with experimental
results.

These results and code comparisons are preliminary and for linear simulations only. The next
step will be to compare nonlinear results. We have also only used local simulations, flux tube
geometry at r/a = 0.5. However the framework of this set of equilibria and physics parameters
are such as to allow the comparison with global simulations as well. The relevant files can be
found in [19].
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