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We introduce a second-order gyro-averaged extension to a guiding-center transport model for test particles
subject to an E x B drift in a tokamak. Using this approximation, we numerically investigate the influence
of finite Larmor radius effects on the chaotic transport and the formation of transport barriers. For non-
monotonic plasma profiles, we show that the twist condition of the system is violated along a curve, usually
called shearless transport barrier, which, under non-equilibrium conditions, exhibits significant resilience to
destruction, thereby inhibiting chaotic transport. We analyze bifurcation diagrams of the shearless barriers
and escape rates to explore the impact of the Larmor radius on controlling chaotic transport while varying
the amplitude of electrostatic perturbations. Our findings show that increasing the Larmor radius enhances
the robustness of transport barriers, as a larger electrostatic perturbation amplitude is required to disrupt
them. Additionally, even in the absence of transport barriers, we observe a decrease in chaotic transport with

an increase in the Larmor radius.

I. INTRODUCTION

It is well-known that the transverse transport coeffi-
cients of tokamak plasmas, predicted by neo-classical the-
ory, are much smaller than the experimental results avail-
able by one order of magnitude or more, the difference
between them is usually called anomalous transportl.
The scenarios projected for a future operation of a
tokamak-based thermonuclear fusion reactor depend cru-
cially on the control of anomalous transport of the con-
fined plasma, which is expected to yield a substantial
reduction in the loss of particles and heat?. It is gener-
ally believed that turbulence driven by micro-instabilities
causes anomalous transport, although it is still a matter
of some controversy about how important turbulence re-
ally is, since neo-classical transport is always present=-.

While there is no complete theory of turbulence-driven
anomalous transport, it has been proved useful to model
the net effect of turbulence by using a non-diffusive
description®™d.  One of the aspects of the latter is the
existence of internal transport barriers, responsible for
reducing radial particle transport inside the plasma, and
which are associated with rational magnetic surfaces, and
chaotic regions of the magnetic field®*,

In this work, we will consider a special type of inter-
nal transport barrier, called shearless transport barrier
(STB), which can occur for non-monotonic configura-
tions of the plasma profiles, for example, for the safety
factor, the radial electric field, and the toroidal plasma
velocitylV. Such profiles may lead to non-twist behavior
for which the twist condition of the system is violated on
a given curve, i.e., the STB, where the angular frequency

a)Electronic mail: losorio@usp.br
b)In memory of Marisa Roberto, an invaluable collaborator whose
significant contributions to our work will be greatly missed.

of the motion has an extremum™ From a dynamical

point of view, non-twist systems have an unusual be-
havior because standard results, such as KAM theory,
Chirikov stochasticity criterion, etc. may not be valid*2.
The degeneracy of the system allows the formation of
twin (dimerized) islands which, as a non-linearity param-
eter is varied, do not overlap and break down as they
do in twist systems. In non-twist systems, twin islands
experience a kind of reconnection and a shearless curve
prevents the formation of a large chaotic region*4, The
shearless curve acts as a robust internal transport barrier
since it is resilient under variations of the non-linearity
parameter, i.e., a strong perturbation is required to de-
stroy it12H0

Recent numerical investigations of STBs rely on simple
transport models based on an E x B drift guiding-center
motion of test particles! ™8, By “test particles” we mean
charged particles that have a motion determined by the
combined action of electric and magnetic fields, which are
produced by external sources and the plasma itself, but
whose motion does not affect the fields. Hence, the test
particle description is more appropriate to describe the
transport of impurities present in the plasma, like ions
produced by the plasma-wall interaction.

This description has been explored in recent works that
have dealt with different features of chaotic transport
of impurities when STBs are presenti?2l. In most of
these works, we assume that the Larmor radius is too
small to play a significant role in the dynamics. However,
this assumption may not be valid if the electric field has
spatial variations in very small scales or the particles are
fast, e.g., alpha particles in burning plasmas#43, In such
cases, we have to take into account finite Larmor radius
(FLR) effects in the expression for the gyro-averaged drift
velocity2442,

In this work, we aim to characterize the influence of
the FLR on the appearance of STBs and the chaotic
transport. The drift motion of impurities is described
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using the transport model from Ref. [I8 with a suit-
able second-order gyro-averaged extension. We consider
a non-monotonic radial equilibrium electric field profile
and an electrostatic perturbation regarded as the su-
perposition of coherent harmonic waves traveling in the
poloidal and toroidal directions. Additionally, monotonic
profiles for the safety factor and the toroidal velocity are
assumed. Since the applied model has a Hamiltonian
structure, the phase space flow generated by solving the
equations of motion is area-preserving in an adequate
Poincaré surface of section. Accordingly, this is an area-
preserving map that violates the twist property at the
radial position of a shearless curve.

The Larmor radius and the electrostatic perturbation
amplitude of one harmonic mode are taken as control
parameters to be varied. We introduced suitable quan-
tifiers for the chaotic transport like the transmissivity of
the barrier and the transport current, associated with
the probability of a given orbit to escape and the escape
rate, respectively. Bifurcation diagrams of the STB as a
function of the control parameters are obtained.

Then, we show that by increasing the FLR effect the
chaotic transport is reduced, and the transport barri-
ers are enhanced. In agreement with our results, other
works have shown that the averaging effect caused by
the large Larmor radius in electrostatic turbulence is
that of suppressing the stochastic diffusion??. In the
presence of STBs, this is driven by a super-diffusive
behavior transverse to the transport direction?®. Fur-
thermore, models based on discrete gyro-averaged area-
preserving maps have found that the probability for a
particle remaining trapped in a drift-wave resonance in-
creases when the Larmor radius increases, improving the
particle confinement#®2”, In particular, the inclusion of
the FLR effect changes the properties of transport since
it leads to chaos suppression228,

This paper is organized as follows: Section [T describes
the drift wave transport model with finite Larmor radius
effect. Section [[T]] presents a dynamical analysis of the
phase space of our numerical map, emphasizing the com-
putation of the rotation number and presenting bifurca-
tion diagrams for the STB as a function of the perturba-
tion amplitude for different Larmor radii. The diagnos-
tics used to characterize the reduction of chaotic trans-
port are introduced in Section [[V] as well as a compre-
hensive analysis of the corresponding parameter plane.
Our conclusions are left to Section [V1

II. DRIFT WAVE TRANSPORT MODEL

Let us consider an individual test particle that is
immersed in a large aspect-ratio tokamak plasma, i.e.,
1/e = R/a > 1, with R and a the major and mi-
nor radii of the plasma column, respectively. The par-
ticle’s guiding center is moving along the lines of the
magnetic field, B(x), with velocity vj(x) and drifted
by the gyro-averaged velocity vg(t, x), evaluated at the

guiding center, so that

dx
E =V + VE, (la)

1 B
VE = (E + 4p2viE> X B (1b)
where p is the Larmor radius, E(¢,x) is the electric field
and V2 is the Laplacian taken on the perpendicular plane
to B.

This gyro-averaged drift velocity results from the aver-
aging method presented in Ref. 29, taking up to second-
order space-varying electric field contributions. This is a
usual approximation that only considers the influence of
a non-uniform electric field, and plays a fundamental role
in describing transport in the presence of fast particles,
such as alpha particles in burning plasmag233U,

Although other drift velocities could be considered to
evaluate the guiding center orbit due to the finite Larmor
radius (FLR) effect, for simplicity, we say the particle has
only the drift contribution of vg. This approximation is
valid under certain assumptions. Firstly, the geometri-
cal limit ¢ < 1 significantly reduces the impact of the
magnetic field lines curvature. Also, we assume small
gradients of the magnetic field, which cause the B x VB
drift. Hence, we consider a magnetic field such that

B(r) = By(r)ég + By,(r)éy,, (2)

with B = B, > By and B =~ By, where By is constant;
and where 7, # and ¢ are the radial, poloidal and toroidal
coordinates of the toroidal system, respectively.

Furthermore, let us consider that V x E = 0. In the
equilibrium, E| =0 and the electric field is described
fully by the radial equilibrium component E,.(r)é,.. For
the non-equilibrium scenario, we add a perturbation via
the electrostatic potential ¢(t,x). Therefore

E(tv X) = Er(r)ér - V(,b(t, X)v (33’)

b(t,0,0) = Z ¢n cos(MO — Ly — nwot + ),  (3b)

where, to simplify the model, we have adopted the
perturbative part as a superposition of coherent har-
monic waves traveling in the poloidal and toroidal di-
rections. By doing this, we reduce the original sys-
tem, equations , to a 1.5-degrees-of-freedom dynam-
ical system and obtain a symplectic map, as we show
further in this section. So, for the time-dependent per-
turbation in equation , where M and L are its domi-
nant wave numbers, ¢,, the wave amplitude of each mode,
« a constant phase, and wq its fundamental angular fre-
quency, we can neglect the polarization drift as long as
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FIG. 1. Dimensionless plasma profiles, mainly, (a) the radial
electric field, E,(r), (b) the parallel velocity, v (r), and (c) the
safety factor, q(r).

wg > wo, where wy is the cyclotron angular frequency, or
gyro-frequency, of the particle.

Additionally, since B is essentially toroidal, we only
look at the Laplacian on the (r, ) plane. Then, by intro-
ducing two new variables, namely the action, I, and the
angle, 1, defined as

I= (3)2, (4a)

and performing an adimensionalization by using the char-
acteristic scales a, E, = |E.(I = 1)| and By, according
to relations

E & By E
B == 1 _ Pn / 2o Y= oy
TE M Taes TR T
w/ = aBOw / = B
0 Ea 0 P aa

the equations of motion simplify into the 1.5-degrees-
of-freedom dynamical system

&=, (6a)
=g+ YD, (6h)

where f and g are functions of I, and g is called the twist
function of the system. This function is important in the
KAM theorem, as the twist condition (non-degeneracy)
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FIG. 2. Rotation number profile for the integrable case,

H; =0. The black (solid) curve corresponds to the mass-
less approximation, p = 0.0, the red (dotted) one to
p = 1.637 x 1072, the green (dashed) one to p = 3.770 x 102,
and the blue (dashed-dotted) one to p = 5.556 x 1072

dg/dI # 0 for all I ensures the robustness of KAM tori
under perturbations®!. Thus, a challenging dynamics,
related to chaotic transport, occurs near the shearless
curve, where dg/dI = 0, i.e., where the twist condition is
broken32. In our model, the functions f and g, dropping

the prime notation henceforth, correspond to

(7a)

f(I) =2M (1 - p2M2> :

41

M-Lo) M,

g(I) = ev(I) 0 7 (14 p°A) E.(I), (7b)
where A = d/dI (Id/dI)— 1/(41) is an operator which
we introduce here and q(I) = eVIB,/By is the safety
factor profile. ) ]

Notice that, since 9I/01 + 0v /0y = 0, where the dot
notation is the total time derivative, there is a Hamilto-
nian function, H(t, ¥, I), such that

. O0H . OH
w = W? I= _%7 (8)

which can be decomposed into an integrable, Hy(I), and
a perturbative part, Hy (¢,, 1),

H(t7w7I):H()(I)"_Hl(tawal)a (9)

where

I
HO(I):/ g(I")dr’, (10a)

Hi(t, 0, 1) = f(I)(t, ¥).

Thus, when H; = 0, i.e., when ¢, = 0 for all modes,
I remains constant, and the guiding center orbit traces
a helix of constant radius along a curve on the same
equilibrium magnetic surface. On the other hand, when

(10b)
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FIG. 3. Phase space for ¢1 = 0.0. In gray and black colors, we show chaotic and quasi-periodic orbits for the massless case,
p = 0.0. Red, green, and blue colors correspond to orbits for p = 1.637 x 1072, p = 3.770 x 1072 and p = 5.556 x 1072,
respectively. Panel (a) shows only the Poincaré section for p = 0.0; meanwhile, panels (b) and (c¢) are magnifications of the
shearless curve and the main islands, respectively, including the FLR effect. Specifically, in panel (c), we show magnifications

around the black-colored islands in panel (a), ordering them from the top to the bottom.

H, # 0, the integrability of the system is broken, leading
to chaotic behavior and chaotic transport.

In the limit when p = 0, the dynamical system @ re-
duces to the same equations introduced in Ref. 18 For
these it has been shown that non-monotonic profiles of
E.(I), q(I) and v (I) can lead to a non-twist behav-
ior, dg/dI = 0, and the emergence of a non-twist barrier,
addressed in the next section, that reduces the chaotic
transport2U33135]

However, we must be careful because the massless ap-
proximation is violated for cases when particles are fast,
e.g., alpha particles, or even if we study impurity trans-
port since the impurity temperature can be equivalent
to the plasma’ss®. In those cases, p ~ 0 is not valid
anymore.

Therefore, we aim to investigate the influence that the
FLR effect has on the onset of such barriers and also on
chaotic transport. We consider for this a non-monotonic
radial equilibrium electric field profile, and monotonic
profiles for the safety factor and the parallel velocity.

Finally, although in this paper we only discuss the pre-
sented model in its ordinary differential form @, we
would like to show that an analytical symplectic map
can be obtained and that it also represents an interesting
topic, mainly, for studying the influence of the FLR effect
and the plasma profiles on the chaotic transport. So, ba-
sically, on using the Fourier series representation of the
Dirac delta function, ¢, = ¢¢ and A(¢)) = ¢g cos(y) + ),
the equations of motion @ can be written as

—om f(I Z (wot — 2mn), (11a)
= (I)+2 - Z §(wot — 2mn).  (11b)

n=—oo

Then, let us define I,, = I(t;;) and ¥, = ¢(t;,), with

tm =nT —¢, T = 2w /wg and € — 0T. Integrating over
one jump (;,,t,, ), we obtain the discrete model

ILiyi=1,—Tf(I,41) (D\d(q;;b)’ , (12a)
Yn
'L/)nJrl = 'l/)n + Tg(In+1) + T%(I) )‘(wn)v (12b)
In+1

where the implicit form on I,y; ensures the area-
preserving nature of the map. Discrete models are use-
ful because they reproduce the characteristic features of
their differential counterparts and reduce the computa-
tional cost. For these reasons, we strongly encourage
researchers to explore the map described by , as it
promises valuable insights and advancements in the field.

I1l. INFLUENCE OF THE FLR ON SHEARLESS
TRANSPORT BARRIERS

Non-twist behavior is found in many physical prob-
lems, particularly in plasmas and fluid dynamicst3740
Systems exhibiting that behavior present resilient barri-
ers that inhibit chaotic transport*2, also known as shear-
less transport barriers (STBs), and feature a character-
istic dynamics since the KAM theorem is not applicable
due to the degeneracy of the system itself+l,

Such barriers and the neighboring KAM curves, com-
posing the non-twist barrier, are expected to be the latest
invariant curves to be destroyed and also the easiest to
restore*2. Moreover, after the breakup, the remnant of
the non-twist barrier, often accompanied by sticky be-
havior, acts as a partial barrier to transport!®. So, the
control of the chaotic transport is generally reduced to
knowing whether the STB exists, how robust it is, and
even more, how resilient and effective the partial barri-
ers are. Specifically, in this section, we are interested in



evaluating the influence of the FLR on the onset of STBs
as control parameters vary.

For that, let us establish the numerical map
zjy1 = M(z;),  where  z; = (Y5, 1;) = (4(t;), I(t))),
j € Nand M is a numerical integration of the dynamical
system @ that evolves the orbit, given the initial
condition zy at time ¢y = 0, from ¢; to t; + T, with
T = 27/wy. By doing that, we construct stroboscopic
Poincaré sections of the periodic, quasi-periodic, or
chaotic guiding-center orbits. The results presented in
this work were obtained using the numerical integrator
Runge-Kutta-Dormand-Prince of 8(7) order3.

So, to find a STB, we calculate the rotation number
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FIG. 4. Rotation number profiles for H1 # 0, (a) ¢1 = 0.0,
and (b) ¢1 = 2.283 x 1072, Black, red, green, and blue colors
correspond to p = 0.0, p = 1.637x 1072, p = 3.770x 102 and
p = 5.556 x 1072, respectively. For the black-colored profile
in panel (b), we present in panel (c) magnifications around
three different extrema where shearless curves can be identi-
fied. Specifically, (c.1) is near I = 0.57, (c.2) near I = 0.60
and (c.3) near I = 0.65.

profile (z) and identify whether it has an extreme value
(09/01) pgry = 0, from which a shearless orbit, corre-
sponding to the barrier, can be generated by using zgrp
as the initial condition. The rotation number of an or-
bit is essentially the average angular displacement expe-
rienced by the orbit, so it will be rational if the orbit is
periodic and irrational if it is quasi-periodic. To calculate
it, we use the method proposed in Ref. [44] by which we
obtained a reliable convergence of €2 with less iterations.
Therefore,

1 K-1

Q= % §j7KH(M(Zj) - Zj)7 (13&)
7=0

Sk = _ sU/K) (13b)

Y sG/K)

1
exp| — ], for z€ (0,1
s(z) = g (x(l—”)> 0y (13¢)
0, for « ¢ (0,1),

where IT is a suitable angular projection, that for our
particular problem can be taken as II(z;) = ;. Also,
notice we are performing a normalization by 2.

For the integrable case, H; = 0, it is easy to show
the rotation number of the T-period stroboscopic map
does not depend on the initial angle ¥y and is equal to
Q = g(I)/wp. In consequence, according to the configu-
ration of the profiles E,.(I), v (I) and ¢(I), see equation
, the twist condition can be violated and, therefore,
STBs appear at the zero-derivative points of g(I).

Specifically, we take into account the plasma pro-
files and parameters for the tokamak TCABR#HMZ for
which the minor and major radii are ¢ = 0.18 m and
R = 0.61 m, respectively, and the toroidal magnetic field
is Bg = 1.20 T. The plasma profiles are taken in the form

E.(r) = Eo + Ex (s) + B, (2)2 , (14a)
v (r) = vo + vy tanh [ﬂl (2) + ﬂo} , (14b)
9 + (¢a — q0) (2)2 for r<a
q(r) = (14c)

2
Qa (7> , for r > a,

a
as shown Figure For these profiles, we consider
the dimensionless parameters: 8y = —16.42, 81 = 20.30,
qo =1.0 and ¢, =4.0; and, before carrying out the
adimensionalization, the parameters: vy = —5.98 km/s,
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Poincaré sections for ¢1 = 2.283 x 1072 and (a) p = 0.0, (b) p

- —7T/2 » ’l,b ™

1.637 x 1072, (c) p = 3.770 x 1072 and

(d) p = 5.556 x 1072. Shearless transport barriers are colored in magenta.

vy = 11.793 km/s, Ey = —6.0 kV/m, E; =5.751 kV/m
and Ey = —2.592 KV /m, i.e., B, = 2.274 kV/m. Further-
more, for the electrostatic potential perturbation, we em-
ploy as dominant spatial modes, M = 16 and L = 3, and
as fundamental angular frequency wy = 60.0 rad/ms (ap-
proximately 5.70 rad after the adimensionalization).

As a result, for the integrable case, non-monotonic be-
havior in the rotation number profile is obtained, see
Figure 2] and, consequently, a STB is expected to ex-
ist. We show in the right panel of the figure a magnifica-
tion localized in the reversed-shear region, where a subtle
difference in the profile can be observed by varying the
Larmor radius. For this case, the shearless point position
displacement and its rotation number vary slightly with
p. Because of that, near the STB, some rational and ir-
rational orbits are not accessible anymore, if compared
with the former case p = 0.

Now, concerning H; # 0 for the non-integrable sce-
nario, four harmonics corresponding to the main res-
onances, n = 2,3,4, and the non-resonant mode,
n =1, according to Figure 2] are taken. For the
resonant modes, we adopt the amplitudes 0.80 V,
1.50 V and 0.85 V, which become the dimensionless
fixed parameters ¢, = 1.95x 1073, ¢3 = 3.66 x 1073
and ¢4 = 2.08 x 1073, respectively. Additionally, we re-
gard the amplitude ¢;, which corresponds to the non-
resonant mode, as a control parameter. Some studies
have shown that the STB can be repeatedly destroyed
and restored as the amplitude of this mode changes®L.

Thus, for the scenario ¢; = 0 shown in Figure [3] the
impact of the FLR effect is illustrated. The left panel pro-

vides an overview of the Poincaré section for the massless
case, where most of the KAM tori are broken. Only the
non-twist barrier, formed by the STB (colored in black)
and the neighboring invariant curves, survives. The ef-
fect of introducing the FLR is shown in the panels (b)
and (c). Panel (b) presents a magnification of the STB
region, while panel (c¢) shows some islands. The orbits in
gray and black, which correspond to p = 0, are included
as background and reference.

The barrier in Figure [3|(b) exhibits minimal variation
with p, except for a radial displacement and a subtle
difference in shape. This can also be verified by look-
ing at the rotation number profile in Figure @(a). For
this perturbation scenario, most differences are evidenced
by looking at the islands. For example, as p increases,
in panel [3[c.1), the center of the main island, close to
I = 1.0, shifts; in panel (0.2), a local bifurcation occurs
for the periodic orbits near I = 0.6; and, in panel (C.B),
new island chains appear in the lower chaotic region for
the largest value considered of p. Also, a variation in the
size of the islands can be observed.

When we increase the value of ¢, in contrast to the
previous results, various transport barrier scenarios are
obtained by varying p. This is depicted in the Poincaré
sections of Figure [5| for ¢; = 2.283 x 1072. In these
scenarios, we observe that a bifurcation of the shearless
curve occurs for the massless approximation, leading to
the appearance of three different shearless transport bar-
riers, see panel (a). This bifurcation can emerge due to
cubic and quartic contributions in non-twist map .
Then, introducing the FLR effect, panels (b) and (c),



the STBs disappear, leaving invariant curves and a par-
tial barrier with sticky behavior, respectively. Eventu-
ally, a single shearless curve arises again when increasing
the FLR until p = 5.556 x 1072, as shown in (d). The
rotation number profiles of the previous cases are shown
in Figure (b) and (c); only for p = 3.770 x 1072, there
is no profile because all KAM tori are broken.

To get an overall view of how ¢ affects the existence
of shearless curves under different scenarios of p, we con-
struct STB bifurcation diagrams as shown in Figure [6]
For clarity, panel (a) includes only the massless case
(black) and the p = 1.637 x 1072 case (red), while
panel (b) shows scenarios for p = 3.770 x 1072 (green)
and p = 5.556 x 1072 (blue). Fundamentally, for each
value of ¢1, we compute the rotation number profile and
examine it to identify the presence of extreme points. If
they are found, we plot points corresponding to the ro-
tation numbers, Qg1p, of the shearless orbits.

Particularly for the parameters and profiles we have
chosen, zonal flow bifurcations are inhibited as the FLR
effect increases. They are common for large non-resonant
perturbation amplitudes, for which cubic and quartic
contributions appear to gain relevance in the numerical
map. Furthermore, it is interesting to remark that the
STB becomes more resilient to small and medium per-
turbations as p increases. This is clearly evidenced in
panel (b), where the first two intervals of the barrier are
larger and have almost no gaps compared to panel (a). In
general, for the largest value of p considered, represented
by the blue-colored bifurcation diagram, the barrier is
broken up less frequently and restored more easily.

IV. CHAOTIC TRANSPORT REDUCTION

In this section, we explore additional diagnostics to
gain broader insights into the influence of the FLR effect.
We focus on chaotic transport’s behavior as the control
parameters vary, particularly after the non-twist barrier
is broken.

So, we analyze the transmissivity, 7, and the “trans-
port current”; v, which are measurements compared to
the probability of a given chaotic orbit escape from some
region to another one and the escape rate, respectively.
They are computed as follows:

e We select an ensemble of N randomly chosen ini-
tial conditions, {z)}}¥ |, in a small chaotic area un-
der the non-twist barrier. A previous survey of
the phase space must be done to guarantee that
by varying the parameters, the orbits are still in a
chaotic region.

e We integrate each orbit until either a maximum
of K iterations or it crosses the threshold I,, i.e.,
IJZ: > I,,. If the second criterion is fulfilled, we record
the time K! = j, and the orbit identified by z{ is
counted as an escaping orbit. Otherwise, K! = 0.
By doing this, we calculate a mean escape time
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FIG. 6. Bifurcation diagrams of the shearless transport bar-
rier for (a) p = 0 (black) and p = 1.637 x 10™2 (red), and for
(b) p=3.770 x 1072 (green) and p = 5.556 x 1072 (blue).

only considering the orbits that actually escape, as
shown next.

e We compute the transmissivity as n, = Ny/N,
where N is the total number of escaping orbits, and
the transport current as v, = 1 /({K.)/K), where

(K.) = Zf\il K!/Ny is the mean escape time.

Notice that if 7, > 0, at least one orbit of the ensemble
escapes; therefore, the non-twist barrier does not exist.
Conversely, if n, = 0, it is very likely that at least one
KAM torus survives and acts as a barrier to transport.
A small transmissivity indicates resistance to transport,
such as sticky behavior or remnants of the non-twist bar-
rier, as shown in Figure c). This resistance prevents
a fraction of the particles from crossing within the time
period K. On the other hand, large values of 7, imply
that the characteristic escape time of the particles is less
than K.

However, equal 7; scenarios do not translate into equal
chaotic transport conditions. This is because (K.) can
vary significantly between scenarios. High transport sit-
uations occur when the transmissivity is large, and the



FIG. 7. Diagrams with ¢; of the (a) transmissivity and (b)
transport current for p = 0 (black), p = 1.637 x 1072 (red),
p=3.770 x 1072 (green) and p = 5.556 x 1072 (blue). The
color bars in the panels (a) represent the ¢; intervals in which
it was identified one shearless curve (black), two or more
shearless curves (magenta), zero transmissivity but no STB
(cyan), and 7y > 0 (gray).

mean escape time is small, i.e., when the transport cur-
rent v, is large. Conversely, low transport occurs when
the transport current is small, which corresponds to sce-
narios where (K.) is large, or 7 is small, or both.

In Figure [} we present diagrams of the transmissiv-
ity and the transport current as a function of ¢;. These
diagrams were obtained using N = 103 randomly cho-
sen initial conditions in the intervals ¢y = [—0.54, —0.42]
and Iy = [0.275,0.29], integrated until either K = 5x 103
crossings in the Poincaré section or until I; > 0.8. More-
over, from the results in Figure [6] we identify intervals
of ¢1 where scenarios with or without shearless transport
barriers occur. Combining these results, we provide a de-
tailed picture of the control of chaotic transport for the
four Larmor radius values considered.

Then, from panel m(a), we can say, for practical pur-
poses, that there are similar behavior patterns in the first

p [1077]

FIG. 8. Parameter spaces with p and ¢;. Panel (a) shows the
transmissivity, ¢, and panel (b) the current, v.. The white
color indicates, in both panels, that some type of barrier exists
(B labeled scenario in the color bar).

three cases, except for a shift in the value of the pertur-
bation at which maximum transmissivity occurs. In con-
trast, for the last case, the transmissivity never reaches
the maximum value, 7y = 1, and increases more slowly
with ¢1. Of the four cases, this one is the most con-
clusive in terms of chaotic transport reduction through
transmissivity diagnosis.

Additionally, as pointed out in the previous section,
the color bars show that the STB typically bifurcates
for small p values and large perturbations, and the first
intervals of ¢ are larger as p increases. Nonetheless, we
now observe new intervals in which no STB exists, but
different types of barriers inhibit chaotic transport, such
as those in Figures b) and c). As shown in panels
(a.3) and (a.4), these barriers appear more frequently for
the largest values of p.

In panel E(b), it becomes clearer that the FLR ef-
fect leads to a reduction in chaotic transport. As p
increases, the transport current consistently decreases,
with its peak shifting towards larger values of ¢;. Fur-
thermore, while the black, red, and green cases have a
maximum transport current on the order of 10!, the blue



case reduces the transport current by one order of mag-
nitude.

In a combined manner, the diagnoses of transmissivity
and current transport allow us to discern subtle differ-
ences between scenarios. This is generally illustrated in
the p X ¢ parameter spaces shown in Figure 8] There,
scenarios with no chaotic transport are depicted in white,
where STBs, KAM tori, or strong partial barriers may
emerge. Conditions with low chaotic transport are pre-
dominantly shown in blue, indicative of partial barriers
as well. Then, we observe that transport barriers tend
to be more robust as the Larmor radius increases, requir-
ing larger values of ¢ to maximum transport. Moreover,
following the main stripe, while we cannot observe sig-
nificant variation in transmissivity, there is a clear sys-
tematic decrease in transport current conditions as p in-
creases.

Finally, the lower stripe, which appears for most of
the Larmor radius interval and within a perturbation
interval for ¢; of 0.5 x 1072 to 1 x 1072, is linked to
an interesting partial barrier dynamics, as detailed in
Ref. [49. In these scenarios, even-period twin islands ex-
hibit stable/unstable manifolds of the associated hyper-
bolic points that share a common branch which, in turn,
separates two chaotic regions. Consequently, very few
orbits manage to cross.

In conclusion, our findings suggest that the FLR effect
plays a crucial role in promoting more robust transport
barriers and reducing chaotic transport. Finally, we en-
courage other researchers to explore further aspects of
this work, particularly the influence of the radial equi-
librium electric field profile in chaotic transport and the
symplectic map developed in Section [[I}

V. CONCLUSIONS

A test particle guiding-center model has been imple-
mented to evaluate the influence of the Larmor radius
on chaotic transport and the onset of transport barri-
ers in tokamaks. Specifically, we examined the guiding-
center motion of a test particle as it moves along the
magnetic field lines and is drifted by a gyro-averaged ve-
locity caused by a non-uniform electrostatic field. The
numerical simulations presented in this work were per-
formed using parameters and plasma radial profiles for
the tokamak TCABR; nonetheless, the results are valid
for a wide class of toroidal machines.

By considering monotonic radial profiles of the safety
factor and the plasma parallel velocity, along with an
electric field composed of a radial equilibrium part with
a non-monotonic profile, the twist condition of the dy-
namical system was violated. The plasma equilibria were
perturbed by the superposition of electrostatic harmonic
waves, and shearless transport barriers were observed to
inhibit chaotic transport. Partial barriers and KAM tori
were also found, contributing to the chaotic transport
reduction.

We observed that, in general, transport barriers be-
come more resilient to perturbations as the Larmor ra-
dius increases. With a large Larmor radius, transport
barriers are destroyed only with high perturbation am-
plitudes. Furthermore, even in the absence of barriers, we
found that the Larmor radius effect also reduces chaotic
transport by making the orbits typically spend more time
to escape and reducing the fraction of escaping orbits.

In particular, we have explored the behavior of trans-
port barriers and chaotic transport by examining bifur-
cation diagrams of shearless transport barriers and the
escape rate of an ensemble of chaotic orbits. We ana-
lyzed the influence of the electrostatic perturbation am-
plitude and the impact of the Larmor radius. Regarding
the bifurcation diagrams, while varying the control pa-
rameters, we examined the rotation number profiles and
identified the existence of extreme values where shearless
transport barriers can be detected. For the escape rate,
we computed the fraction of orbits able to escape from
one region to another and the mean escape time of these
orbits.

Our results indicate that for small Larmor radii, bifur-
cations of the shearless curve are likely to occur at high
perturbation values, leading to the observation of mul-
tiple shearless barriers. However, as the Larmor radius
increases, these bifurcations are mitigated. Additionally,
we identified intervals of zero escape rate where no shear-
less transport barriers were found, meaning that other
types of barriers emerge to inhibit chaotic transport, such
as KAM tori and strong partial barriers. As the Larmor
radius increases, the intervals of the electrostatic pertur-
bation amplitude for which some transport barrier exists
become greater. In particular, the hardest-to-break and
easiest-to-restore shearless transport barriers were found
at the largest Larmor radius examined.

We also discussed some chaotic transport diagnoses
and showed that although the transmissivity, which mea-
sures the probability of a given chaotic orbit escaping,
is a good indicator for characterizing transport, equal
transmissivity scenarios do not necessarily translate into
equal chaotic transport conditions due to differences in
the characteristic mean escape time. Nevertheless, by
using the escape rate, we were able to distinguish subtle
differences between scenarios. Specifically, we demon-
strated that the escape rate decreases as the Larmor ra-
dius increases. We surveyed parameter spaces involving
the electrostatic perturbation amplitude and the Larmor
radius, computing both transmissivity and escape rate.

In conclusion, we have demonstrated that the Lar-
mor radius effect plays a crucial role in the dynamics of
chaotic transport and the formation of transport barriers
in tokamaks. As the Larmor radius effect increases, we
observe a reduction in chaotic transport and an increase
in the robustness of transport barriers.
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