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The velocity-space distribution of alpha particles born in fusion devices is subject to modification

at moderate energies due to turbulent transport. Therefore, one must calculate the evolution of an

equilibrium distribution whose functional form is not known a priori. Using a novel technique, ap-

plicable to any trace impurity, we have made this calculation for fully nonlinear gyrokinetic simu-

lations not only possible but also particularly efficient. We demonstrate a microturbulence-induced

departure from the local slowing-down distribution, an inversion of the energy distribution, and

associated modifications to the alpha heating and pressure profiles in an ITER-like scenario.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4953420]

Alpha particles are relied upon for heating a burning

deuterium-tritium (DT) fusion reactor.1 The distribution of

alpha particles in both radius and energy is therefore of critical

importance for fusion. In addition to other important effects

such as Alfv�en eigenmodes,2–4 the ubiquitous microturbulence

provides a background level of transport which has the poten-

tial to affect the radial and energy distribution of alpha par-

ticles. It is typically assumed that alpha particles slow down

via collisions locally on a flux surface, but recent results5 sug-

gest that this could be violated at moderate energies. In this

case, the distribution function is not known a priori when per-

forming turbulence simulations, and solving for the transport

of a general non-Maxwellian distribution function would

therefore be a computationally monumental task. Here, we

assume alpha particles passively respond to the turbulence, an

approximation that is widely used in this context.6–9 This so-

called “trace” approximation is employed here to allow the

fully turbulent transport to be solved extremely efficiently

(about 1 min on a laptop, contrasted with tens of millions of

CPU hours required without the trace approximation) when

using specialized diagnostics from existing gyrokinetic simu-

lations. Recently discovered effects10 close to the kinetic bal-

looning threshold notwithstanding, this approximation is

generally a good one for alpha particles in microturbulence

which is driven by primarily electrostatic modes.5,7

In the low-collisionality gyrokinetic hierarchy, the trans-

port equation averaged over pitch angle reads11,12
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where V ¼ VðrÞ is the volume enclosed by the flux surface

labelled by r, the half-width at the height of the magnetic axis.

F0a is the slowly varying distribution of alpha particles in the

r–v phase space. The energy-dependent source of alpha particles

Sa is well-approximated by13,14 Sa/ exp½�5m2
aðv2�v2

aÞ=
64TiEa� and has an overall magnitude so that the total source is

that given in Ref. 15. The alpha particle mass is ma, the alpha

birth energy is Ea¼3:5MeV¼mav2
a=2, and Ti is the

temperature of the reactant ions. The radial flux due to turbu-

lence is defined as
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where the pitch angle coordinate k � E=l is the ratio

between the energy and the magnetic moment, and rk is the

sign of the velocity parallel to the magnetic field (which has

magnitude B and points in the direction of the unit vector b).

The non-adiabatic part of the fluctuating alpha particle distri-

bution is ha, and vv � c
B b�rhviRa

characterizes the drift

due to the turbulent electromagnetic potential v � /� vk
c Ak

(with / and Ak, respectively, the electrostatic and the parallel

component of electromagnetic potentials). The notation

h…it;w signifies a time-average over many decorrelation

times and a spatial average over a flux tube, and hiRa
is the

gyroaverage at fixed gyrocenter Ra. The flux in velocity

space is defined as
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and includes both the test-particle energy scattering from the

collision operator (with �s and �k are defined in Ref. 16, and

summed over all bulk species) and the turbulent heating/

cooling of alpha particles. In this letter, we will make use of

electrostatic gyrokinetic simulations in which v ¼ /, but the

framework is identical when electromagnetic fluctuations are

accounted for.

The fluxes Cr and Cv are both expected to decrease rap-

idly with energy due to the large magnetic drift orbits and

Larmor orbits of high-energy alpha particles.8,9,17 Therefore,

high-energy alpha particles are expected to be well-confined

with respect to microturbulence, while cooled-down helium

in thermal equilibrium with the bulk plasma (i.e., “ash”)

transports similarly to the ions. At what energy this transition
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can be expected to occur and what the consequences are for

alpha particle physics is the subject of this letter.

The evolution of the bulk plasma density and tempera-

ture takes place on the transport scale in the multiscale gyro-

kinetic hierarchy.18 Tools such as TRINITY
19 and TGYRO

20 have

been developed to calculate the equilibrium profiles self-

consistently with microturbulent fluxes and have success-

fully recreated the experimental profiles of plasma density

and temperature. However, these simulations are expensive

(requiring about one million core hours for a single case)

because of the need to repeatedly run turbulence simulations

to steady-state. Global simulations that do not take advant-

age of the separation of scales are even more expensive.

In gyrokinetic simulations, the evolution of an addi-

tional species is usually as expensive as the bulk ions or elec-

trons because the full distribution function still needs to be

evolved regardless of relative density. This would make a

transport calculation that much more expensive when impur-

ities are included. Furthermore, if one does not know the

form of the equilibrium distribution (as is the case for fast

particles like alphas), an entire grid of F0aðvÞ at each flux

surface is necessary to specify and adjust, as opposed to a

small set of radially varying parameters (e.g., n and T for a

Maxwellian). Therefore, if one were to include a trace non-

Maxwellian species in TRINITY-like simulations, it would

become at least a further order of magnitude more expensive.

This letter outlines a method which improves upon this exist-

ing state-of-the-art by several orders of magnitude by taking

advantage of the trace approximation.

One can schematically write the gyrokinetic equation

for alpha particles in the form
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where L is an operator that depends upon the fluctuating

potential v and represents the left-hand side of the gyroki-

netic equation (which, in our case, does not include the so-

called “parallel nonlinearity”21). Note that if alpha particles

are trace in the sense that they do not affect the turbulence,

then ha contributes negligibly in the equations for v. In this

case, the differential operator L is linear, in contrast to spe-

cies which are not trace. If we invert Eq. (4) and insert ha

into Eq. (2), we find that the flux can be rigorously decom-

posed as
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Similarly, the flux in velocity can be expressed as
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where the diffusion coefficients Drr, Drv; Dvr , and Dvv have

been introduced. A new code T3CORE
22 couples to existing

nonlinear GS223,24 simulation output and uses a finite vol-

ume method to solve Eq. (1). With specialized diagnostics,

GS2 is used to solve for the diffusion coefficients in Eqs. (5)

and (6) by including two trace species with the same mass

and charge as alpha particles, but with different @F0=@r and/

or @F0=@v. Note these “test” species can even be Maxwellian,

and that is enough to determine the diffusion coefficients (see

a proof of principle in Ref. 5). It is remarkable that, with the

use of these diffusion coefficients, one can rigorously recreate

the turbulent flux of a trace species as if one ran another non-

linear gyrokinetic simulation.

In this letter, we focus on the transport of alpha par-

ticles in gyrokinetic microturbulence. However, the novel

technique described in this letter is generally applicable to

the global turbulent transport of any trace impurity. Further

details about the T3CORE code will be provided in a forth-

coming publication, but the source code is freely available

online22 for examination.

As a representative example of a D-T scenario of ITER,

we used case 10010100 from the CCFE public database:25 a

TRANSP simulation of an ELMy H-mode26 at 15 MA plasma

current and a flat electron density profile. Using these data

for the bulk plasma equilibrium, the flux tube code GS2 was

used to calculate the local turbulence properties (including

the alpha particle diffusion coefficients) driven by instability

of the ion temperature gradient (ITG) mode at four radii in

the range 0:5 � r=a � 0:8 (see note27), where a is the half-

width of the separatrix. The intensity of the turbulence is

characterized by the approximate ion diffusivity given by

qi ¼ �viniT
0
iðrÞ, where ni, Ti, and qi are the deuterium den-

sity, temperature, and heat flux respectively. This is shown

along with the basic plasma properties in Table I from our

simulations and is generally consistent with the previous

computational6,28 and experimental29,30 results. The active

species are deuterium, tritium, and electrons in these electro-

static simulations.

Alpha particles produced in the region 0 < r=a < 0:5
are assumed to enter the domain as Maxwellian ash at the

local ion temperature. The distribution F0ðr ¼ 0:8a; vÞ at the

outer edge of the domain is fixed to be the local slowing

down distribution,31 plus a population of helium ash at the

local ion temperature to bring the total helium density to

nHe ¼ 1017=m3, approximately in agreement with the edge

density in Ref. 26.

Using T3CORE, we can determine F0a, the steady-state

equilibrium distribution of alpha particles in the profile

described above. The resulting distribution is shown in Fig.

1. A significant feature is the departure from the classical

analytic slowing-down distribution31 (comparison shown in

Fig. 2), including an inversion around v=va � 0:25. Similar

TABLE I. Summary of basic profiles considered in this work. First three

columns are from the CCFE public database,25 and the last column is calcu-

lated from GS2 simulation. The electron density is 1020/m3 for all radii, and

the ion mix is half deuterium, half tritium, with TD ¼ TT ¼ Ti. The gyro-

Bohm diffusivity is defined as q2
ccs=a, where cs �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Te=mD

p
is the sound

speed of deuterium and is the speed with respect to which qc is defined.

r/a Ti (keV) Te (keV) qD=a vi=vGB

0.5 13.4 16.0 0.0021 0.74

0.6 10.9 12.9 0.0018 2.3

0.7 8.4 9.7 0.0016 5.4

0.8 5.8 6.6 0.0013 8.7

060703-2 Wilkie et al. Phys. Plasmas 23, 060703 (2016)



inversions have been seen in JET D-T experiments,32 and

previous analytic transport models.33 This inversion exists

because the turbulent flux is a strong function of energy8 due

to finite-orbit width effects, and the transport can be strong

compared to collisions at moderate suprathermal energies,5

“carving out” that part of the distribution. At high energy, the

collisional slowing-down time approaches an upper bound,

while the transport time continues increasing, which makes

the local slowing-down distribution a better approximation

there.

The modified F0a found from simulation has an impact

on several properties associated with alpha particles. First,

the collisional plasma heating is shown in Fig. 3(a) to be

adversely affected by the presence of turbulence due to the

change in the alpha particle energy distribution. Furthermore,

even though alpha particles have relatively low density, their

pressure gradient can account for a significant fraction of that

of the total plasma. Therefore, a change in the pressure pro-

file such as shown in Fig. 3(b) can have a feedback effect on

the magnetic geometry, and/or Alfv�en eigenmodes.

If alpha particles escape the plasma at high energy, they

have the potential to damage the plasma-facing components

of a reactor. Therefore, an important question of alpha parti-

cle transport is if they slow down to sufficiently low energy

before escaping the plasma. While we do not model the

separatrix region, we can calculate the spectrum of alpha

particles leaving the domain at r ¼ 0:8a, and this is shown in

Fig. 4.

The intensity of microturbulence is typically quite sensi-

tive to the gradients of density and temperature (i.e., “stiff”),

hence it is appropriate to examine the sensitivity of our

results to the turbulence intensity in Figs. 3 and 4. There, we

show the alpha particle heating, pressure, and heat flux pro-

files while scaling the turbulent diffusion coefficients higher

and lower by a factor of five from the nominal case.

The results presented here show that at energies around

300 keV for our ITER-like scenario, the alpha particle distri-

bution is modified by the presence of ITG microturbulence,

including an inversion that has been observed in other

experiments.32 How strong this departure is from the classi-

cal slowing-down distribution depends on the details of the

turbulence. Since the slowing-down distribution is mostly

unaffected at high energy, we find that alpha particles largely

do their job of heating the plasma, with some order unity cor-

rections to the heating rate depending on the turbulence

FIG. 1. The calculated alpha particle distribution from T3CORE in the pres-

ence of fusion source, turbulence, and collisions, focusing on the high-

energy tail (note there exists an approximately ion-temperature Maxwellian

in the region v < 0:2va.

FIG. 2. Comparison at two internal radial grid points: r ¼ 0:6a (black) and

r ¼ 0:7a (cyan) between the local alpha particle distribution as calculated

with T3CORE (solid lines) and the analytic slowing down distribution (dashed

lines). A population of Maxwellian ash was artificially added to the latter so

that the total helium density is the same between the two. The ash makes up

about 50%–70% of the total alpha particle density for these cases.

FIG. 3. Comparison of the radial profiles of: (a) bulk plasma collisional

heating by alpha particles, and (b) alpha particle pressure gradient normal-

ized to the electron pressure at the magnetic axis. Displayed are the results

from the analytic local slowing-down distribution (green dashed) and cases

from T3CORE where the nominal turbulent fluctuation amplitude and diffu-

sion coefficients (black solid) are scaled up (red dashed) and down (blue dot-

ted) by factors of five.

FIG. 4. Integrand of the alpha particle heat flux (which can be expressed as

qa ¼
Ð
ðmav2=2ÞCr 4pv2dv) as calculated by T3CORE at r ¼ 0:8a, showing the

spectrum of alpha particles exiting the domain.
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amplitude. Also, the alpha particle pressure profile can be

significantly modified, which can in turn affect the magnetic

geometry. Furthermore, the stability of Alfv�en eigenmodes

has recently been shown to be very sensitive to the alpha par-

ticle pressure profile,34,35 so the flattening of the alpha parti-

cle pressure is beneficial in this context. Our results also

indicate that turbulence has only a moderate effect on the

alpha particle heat flux in the high-energy part of the distri-

bution. Only when the amplitude of the turbulence is scaled

up by a factor of five does the energetic alpha particle flux

become significant around 1 MeV.

Our results come with some caveats. First, the trace

approximation plays a central role in our analysis, and this

could exclude some important effects. Also, the bulk equilib-

rium profiles were modelled from existing TRANSP simula-

tions, which uses simple estimates for anomalous transport.

An improved prediction would use equilibria calculated

from TRINITY, TGYRO, or experimental profiles. This would

allow for more robust studies of ash transport. For example,

in this letter, we used a relatively low ash density to mini-

mize the effect of an unphysical departure from the ion tem-

perature (since the heat transport of the ash is calculated

consistently with the turbulence while the ion profile is held

fixed). The GS2 simulations used here included only electro-

static fluctuations, and it is possible that Alfv�enic fluctua-

tions can significantly affect the alpha particle transport8 or

underlying turbulence.10 Finally, even though alpha particles

are born isotropically in velocity space, there is the possibil-

ity that turbulence induces anisotropy in the velocity distri-

bution, a possibility our analysis excludes.

This letter demonstrated the importance of microturbu-

lence to the distribution of alpha particles in an ITER-like

scenario and the associated consequences. The computa-

tional tool developed to solve this problem, T3CORE, can be

coupled as a module to any of the other existing gyrokinetic

or transport tools without even the need to generalize the for-

mer for non-Maxwellian distributions. With the ability to

efficiently and rigorously model alpha particles in turbu-

lence, the fusion community can make more accurate and

routine predictions for the performance of ITER and devices

beyond.
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