Electrostatic and magnetic transport of energetic ions in turbulent plasmas
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Numerical and analytical work is used in tandem to address the problem of turbulent transport
of energetic ions in magnetized plasmas. It is shown that orbit-averaging is not valid under rather
generic conditions, and that perpendicular decorrelation effects lead to a slow 1/FE decay of the elec-
trostatic particle diffusivity of beam ions, while the respective magnetic quantity is even independent

of the particle energy E.

While over the last several years, there has been a lot
of progress in our understanding of turbulent transport
of particles, momentum, and energy in magnetized plas-
mas (see, e.g., Ref. [1]), many open questions remain,
e.g.: Is there a significant interaction of turbulent fluctu-
ations with energetic ions? Despite previous experimen-
tal investigations along these lines (see, e.g., Refs. [2, 3]
and references therein), this issue was raised again, in
particular, by recent experimental investigations at AS-
DEX Upgrade which showed a fast radial broadening of
the current profile driven by off-axis neutral beam in-
jection in the absence of any measurable magnetohydro-
dynamic activity.[4] It is also important in light of the
fact that future D-T based plasma experiments like ITER
[5] will have a significant population of fast ions. More-
over, many related astrophysical problems depend on a
solid understanding of fast ion dynamics in a turbulent
medium.[6]

As is well known, fast particle trajectories in toroidal,
axisymmetric magnetic fields deviate from the field lines
in two ways. First, they perform a gyration about the
field lines, and second, grad-B drifts and curvature drifts
also induce an oscillation of a fast particle gyrocenter
about a magnetic field line in a nearly circular (actually
slightly elliptical) fashion,[7] but on a much slower time
scale. Past theoretical studies often addressed this topic
by alluding to a presumed analogy between orbit averg-
ing and gyroaveraging (see, e.g., Refs. [8, 9]). According
to this point of view, concerning its long-time-scale dy-
namics, a fast particle only feels reduced, orbit-averaged
(and gyroaveraged) potentials. Consequently, even for
only moderately energetic particles, one would expect
practically no cross-field transport. However, the valid-
ity of such an approach is usually not discussed, and as
will be shown below, fast ions generally do not fulfill the
required conditions.

Inspired by these experimental and theoretical find-
ings, the present work represents a systematic study of
the interaction between fast (passive) particles and a tur-
bulent background based on first principles. Revisiting
this problem, we find that due to a specific perpendicu-
lar decorrelation mechanism, the turbulent particle dif-
fusivity of beam ions decreases only quite slowly in the
electrostatic case, inversely proportional to the particle

energy, and is even found to be independent of the parti-
cle energy in the magnetic case. To allow for a better un-
derstanding of the underlying physical effects, we adopt
a two-step approach. First, we give an analytical treat-
ment of the scaling of the diffusion coefficient with the
particle energy, and second, we perform nonlinear gyroki-
netic simulations including fast ions with the GENE code
[10, 11], a plasma microturbulence code which can be
used to efficiently compute gyroradius-scale fluctuations
and the resulting transport coefficients in magnetized fu-
sion plasmas. The results of these approaches are found
to agree with each other very well and shed new light on
a rather old question.

In order to better understand the interaction of fast
particles with the background microturbulence in a toka-
mak, we start by recalling some properties of particle or-
bits in toroidal, axisymmetric geometry. In the absence
of fluctuations, the latter can be calculated analytically.
As is well known, the curvature and grad-B drifts lead
to oscillatory deviations from magnetic field lines in both
perpendicular directions as well as to a continuous drift
in the toroidal direction (corresponding to the y direction
here). In terms of the pitch angle n = v)|/v, one finds
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for n — 0 (see, e.g., Ref. [7]). Here, Tomit is the orbit
circulation time, Ar the diameter of the deviation from
the flux surface in the radial r (or z) direction, and v,
is the particle precession drift in the toroidal y direction.
Moreover, q is the safety factor, § is the magnetic shear,
€ =r/Ry is the inverse aspect ratio of the relevant mag-
netic surface, Ry is the major radius, ¢; is the ion thermal
speed, and p; is the corresponding gyroradius.



We would like to note in this context that while the
above expressions, Egs. (1) and (2), have been derived
assuming circular, concentric flux surfaces, they still cap-
ture the key features of more complicated geometries.
Comparing particle orbits in the simple geometry with
orbits in a realistic magnetic field constructed from AS-
DEX Upgrade data — using the GOURDON code [12] —
showed that only moderate differences occur which do
not affect the dependence on the field and particle pa-
rameters. Thus, the following considerations hold also
for shaped plasmas.

First, we want to concentrate on the interaction of test
particles with electrostatic turbulence. From GENE simu-
lations of ion temperature gradient and trapped electron
mode turbulence for parameters similar to those men-
tioned in Ref. [13], we find as typical scales of these
fluctuations in four different cases A. ~ 6p; (corre-
lation length), 7. ~ 20 Ry/c; (correlation time), and
Ve ~ 3pici/Ry (average E x B drift velocity). More-
over, diamagnetic drifts (with a velocity vg, of the order
of pici/Ry) are found. These values shall be taken as
representative in the following discussions, although our
conclusions will be independent of the precise numbers.

How does the interaction of particle orbits with the
background turbulence influence the cross-field turbu-
lent diffusion of energetic ions? For E/T. < 3, one has
Ar 2 Ac. So according to the traditional view, fast par-
ticles “average out” the turbulent fluctuations and are
therefore not affected much by them (see the discussion
in [14]). Furthermore, the diamagnetic drift of the back-
ground potential and/or the toroidal precession drift of
the particles can produce a “drift barrier” which is known
to suppress the diffusion quite effectively.[15] However,
both of these arguments implicitly presuppose that orbit
averaging is valid, and — as we will show next — this is
usually not the case for energetic ions.

A prerequisite for the validity of orbit averaging is il-
lustrated in Fig. 1. Given that deviations from a simple
circular motion can be caused by both F' x B and toroidal
drifts, we find the necessary condition
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For passing ions with E/T. = 4, v, is the domi-
nating term, and one obtains Z,. = vyTorbit/Ae ~
5q(F/T.)'/?, which clearly states that orbit averaging
is not valid in the high energy limit. [We would like to
note in passing that in deriving this equation, we have
neglected a term not depending on § which would become
relevant for low shear values.] For trapped particles, we
find a similar expression which is independent of 5. So
we may conclude that for conventional values of ¢ and §
(in the range of unity), orbit averaging becomes invalid
almost as soon as the particle energies clearly exceed the
thermal energy of the background plasma. As can be
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FIG. 1: The dashed line denotes a circle over which the po-
tential is (orbit-)averaged for a particle starting at the ori-
gin, while the solid line denotes a real particle trajectory
with a large drift velocity V. After one period, the par-
ticle is displaced by Torbit Ve from the origin as well as from
the corresponding point on the dashed curve. Therefore,
if the particle does not return into the correlated zone [in
the background, the autocorrelation function (¢(0)¢(x)) of
an isotropic stochastic potential with correlation length A. is
plotted], orbit averaging is not valid.

inferred from Fig. 1, this means that (for Ar 2 A.) a
particle gets decorrelated during its orbit motion, since
it does not return into the correlated zone. This orbit
decorrelation time is given by
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for passing particles (one obtains a similar expression for
trapped particles). Since, on the other hand, the decor-
relation time due to the parallel motion of the particles
can be approximated by 7 ~ Torbit/2, it is clear that for
E/T. 2 1, the decorrelation is caused by the perpendicu-
lar orbit motion, not the parallel transit motion (as sug-
gested, e.g., in Refs. [16, 17]). We would like to point out
that the validity of gyroavaging is not disputed, since the
temporal scale of gyration is much smaller than that of
the orbit motion, so that the respective version of Eq. (3)
is always satisfied. The mechanism of gyroaveraging, as
described in Ref. ([18]), will indeed be relevant for parti-
cles with a significant perpendicular velocity component.

On the basis of these considerations, we can now pre-
dict the scaling of the diffusion coefficient with the par-
ticle energy for passing ions quite easily. Since 701t <
Ae/VE, the decorrelation occurs in the ballistic regime,
and the diffusion coefficient can be expressed as D =
V2rorbit. However, from the D(t) curves, we have ob-
served that the saturation occurs already at ¢ ~ 70t /3;
therefore, we will use the expression D ~ VArorbit/3,
Since Ar o< EY? and Ty o< E~'/2, we find D(E) o
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FIG. 2: (Color online) Electrostatic (solid lines) and mag-

netic (dashed lines) particle diffusivities of fast ions for large
(black lines) and small (red lines) pitch angles as obtained
from GENE simulations. The results agree well with the the-
oretical expectations (see text) which are shown for compar-
ison.

E~!. Using the full expressions from Eq. (1) instead, one
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Here, we have introduced the dimensionless quantities
Ve = Vi/(pici/Ro) and A, = A./p;. An analogous treat-
ment of trapped particles yields
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where we have used Eq. (36) from Ref. [14] to take into
account finite Larmor radius effects (which are negligible
for n ~ 1). Both of these high-energy expressions of
D(F) yield values which are very large compared to the
ones one would get if orbit averaging were valid.

Having discussed and understood the electrostatic
transport of energetic ions, we are now in a good po-
sition to address its magnetic counterpart. As is well
known, the quantity vp = v (ET/BO), which represents
the projection of the parallel velocity into the radial di-
rection along a fluctuating field line, takes over the role
of the radial component of the E x B drift velocity in the
context of magnetic transport. Here, By is the unper-
turbed magnetic field and B, is its radial perturbation.
Thus, not unexpectedly, it will turn out that many of the
previous findings and insights carry over to this case in
a more or less straightforward manner.

The nonlinear electromagnetic GENE simulations of ion
temperature gradient turbulence for Cyclone Base Case
parameters [19] presented in Ref. [20] show that the mag-
netic fluctuation level tends to scale linearly with the
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plasma beta. More specifically, one finds the relation
B, /By ~ C %] (pi/Ro) with C ~ 0.6. Consequently,
one obtains the estimate
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for the typical value Vi of the magnitude of vp. Further-
more, the correlation length of the radial magnetic field
perturbations is found to be comparable to (but some-
what smaller than) the electrostatic one, i.e., Ag &~ 2.5p;.
For magnetic transport, the validity condition for orbit
averaging is identical to the electrostatic one, except that
Vg is replaced by V. So, in general, the magnetic val-
ues Z,,. are comparable to the electrostatic ones, and
orbit averaging is invalid for E/T, > 1. Applying then
the same reasoning that lead to Eq. (5) and making the
ansatz Dp ~ VéTorbit /3, we obtain the expression
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So, e.g., for C = 0.6 and B[%] = 0.6, one gets Dp ~
0.05 p2c; /Ry which is a reasonably large number. It is
important to note in this context that the magnetic trans-
port is independent of the particle energy. The reason for
this behavior is that the 1/FE dependence caused by the
perpendicular decorrelation is balanced by the increase
of the magnetic drift velocity. For trapped particles, fi-
nite Larmor radius effects have to be taken into account,
and one obtains Dp(E) o E~Y/2. Thus, the magnetic
expressions deviate even more profoundly from the ex-
pectations based on the validity of orbit averaging.

In order to test these analytical predictions, we have
performed electromagnetic simulations with the gyroki-
netic turbulence code GENE [10, 11]. GENE is physically
comprehensive and well benchmarked, and it can be run
either as a local or global code. For simplicity, our present
simulations have been performed in a local flux-tube en-
vironment with § — o geometry (circular flux surfaces).
This is a common approximation, and recent numerical
investigations show that the resulting turbulence charac-
teristics exhibit moderate quantitative, but no qualita-
tive differences compared to simulations in more realistic
geometries [13, 21]. We were employing Cyclone Base
Case parameters [19] and 8 = 0.6% (like in the simula-
tions presented in Ref. [20]). Here, we have added an ad-
ditional passive particle species, however, characterized
by an isotropic Maxwellian distribution function with
T/T. = 50. During the saturated turbulent phase, the
energy dependent particle transport — normalized with
respect to the equilibrium distribution at the respective
position in velocity space — was written out. The re-
sults are shown in Fig. 2. They happen to be in good
agreement with the above theoretical considerations. In
particular, the magnetic transport is found to be inde-
pendent of the particle energy for larger energies, and at
a level reasonably close to the one predicted by Eq. (8).
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In this context, we would like to mention that the 1/FE
decrease observed for electrostatic transport of beam ions
was first reported in Ref. [13], but without any explana-
tion with respect to the underlying physics. In Ref. [17],
the authors also claimed to observe a 1/E decrease, but
no graph was presented to support this statement, and
an explanation different from ours was given which we
believe to be incorrect. Meanwhile, the results presented
here for the case of magnetic transport are completely
new, and the same applies to their physical explanation.
The latter findings are probably the most interesting in
the present paper as the following discussion shows.

The overall transport coefficients resulting from the de-
rived scalings of the energetic ion diffusivities are treated
next, focussing on beam ions. Noting that for E/T, > 1,
the pitch angle dependence of the slowing-down distribu-
tion can be integrated out and the low-energy corrections
due to the critical velocity can be ignored, one can write
I'y, < [D(E) fo(E) EY24dE, T, x | D(E) fo(E) EdE,
and I'. o« [ D(E) fo(E) E3/2dE for the particle, mo-
mentum, and energy fluxes, respectively, with fo(F)
E—3/2_ Consequently, the electrostatic heat flux displays
In(Ey/T.) corrections due to the 1/E tail (while the elec-
trostatic particle and momentum fluxes are not affected
much), and the magnetic fluxes scale like '), o In(Ey /T),
Ty « v/ Ey/Te, and T, x Ep/T., where E is the beam
energy. Thus, although the turbulent current diffusion
due to electrostatic turbulence is likely to be too small to
affect the experiments (unless the beam density is quite
large), magnetic fluctuations of sufficiently large ampli-
tude could play a role in this context.

To summarize, employing a combination of theoretical
considerations and gyrokinetic simulations with GENE,
we have investigated the cross-field transport of ener-
getic ions induced by the ambient turbulence — ad-
dressing, in particular, decorrelation mechanisms and re-
sulting scalings with the particle energy E. Both ap-
proaches agree with each other qualitatively and even
semi-quantitatively. In particular, they show that the
electrostatic transport of beam-type ions (with a pitch
angle close to unity) exhibits a slow 1/FE decay at high
energies, while the respective magnetic transport is even
independent of E. These findings have their origin in the
violation of the orbit averaging condition and can be ex-
plained in terms of a perpendicular decorrelation mecha-
nism described in this Letter. The resulting overall trans-
port coefficients exhibit substantial corrections, and con-
sequently, beam ion diffusion by turbulent magnetic fluc-
tuations should be considered a candidate for explaining
the experimentally observed fast radial broadening of the

current profile driven by off-axis neutral beam injection
in the absence of any measurable magnetohydrodynamic
activity. Beyond that, in light of the fact that future D-T
based plasma experiments like ITER will have a signifi-
cant population of fast ions, it would certainly be inter-
esting to test these predictions in small-scale laboratory
experiments which allow for a more detailed analysis of
energetic ion dynamics. Applications of the present work
to astrophysics will be addressed elsewhere.
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