UC San Diego
UC San Diego Previously Published Works

Title
Deuterium and tritium anomalous transport in the generalized Hasegawa-Wakatani
resistive drift wave turbulence model with finite ion Larmor radius

Permalink
https://escholarship.org/uc/item/2qn807zi

Authors

Smirnov, Roman
Krasheninnikov, Sergei

Publication Date
2025-01-22

DOI
10.1063/5.0244035

Copyright Information

This work is made available under the terms of a Creative Commons Attribution-
NonCommercial-NoDerivatives License, available at
https://creativecommons.org/licenses/by-nc-nd/4.0}

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/2qn807zr
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://escholarship.org
http://www.cdlib.org/

ing

AlIP
lﬁ_ Publish

Deuterium and tritium anomalous transport
in generalized Hasegawa-Wakatani resistive drift wave turbulence model

with finite ion Larmor radius

R. D. Smirnov" and S. I. Krasheninnikov
University of California San Diego, Department of Mechanical and Aerospace Engineering,
La Jolla, California 92093, USA

*Corresponding author’s e-mail: rsmirnov@ucsd.edu

Abstract

Anomalous transport of mixed deuterium-tritium plasma in edge of magnetic fusion reactors is
investigated using numerical solutions of resistive drift wave turbulence model equations including
finite Larmor radius effects that are derived within generalized Hasegawa-Wakatani framework.
The anomalous cross-field diffusivities of deuterium and tritium are compared in turbulence
regimes with different values of electron adiabaticity parameter controlling existence of zonal
flow. Dependence of the tritium-to-deuterium diffusivity ratio on the deuterium and tritium
densities and the logarithmic density gradients is analyzed and a scaling relation is obtained.

| Introduction

Energy generation from deuterium (D) and tritium (T) nuclear fusion reaction is the main
goal of magnetic confinement fusion research. Transport of these two hydrogen isotopes from the
plasma core to the outer walls in tokamak fusion reactors plays a fundamental role in plasma
confinement that is a basis for achieving and maintaining optimal rate of fusion reaction. It is well
established that cross-field plasma transport is dominated by plasma turbulence both in the core
and the edge tokamak plasma regions [1]. Thus, studies of turbulent transport of mixed deuterium
and tritium plasma are essential for fusion development.

The existing literature on this topic largely focuses on theoretical and experimentally
obtained scaling dependencies of global confinement times on engineering parameters, including
hydrogen isotope mass dependence [1-7]. Such studies produced a wide range of often inconsistent
mass scalings, physical meaning of which is difficult to interpret. Non-linear gyro-kinetic
simulations have been used to investigate the mixed plasma transport in the core region driven by
ion/electron temperature gradients (ITG/ETG) and trapped electron mode (TEM) turbulence
demonstrating asymmetry between deuterium and tritium fluxes and important role of collisions,
E X B shear, zonal flow, and electron parallel dynamics [8-13]. As well, quasi-linear models have
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been developed for modeling the turbulent core plasma transport to gain insight on the
experimentally observed confinement time scalings [14-17]. However, the core plasma results may
not be applicable to the edge region, as edge plasma turbulence is dominated by different instability
mechanisms.

The resistive drift wave (RDW) instability is one of the main mechanisms of turbulence
generation in edge plasma of magnetic fusion devices. The RDW turbulence has been actively
studied using both theoretical and computational approaches [18-26]. One of widely used such
approaches is Hasegawa-Wakatani (HW) model describing RDW turbulence in tokamak edge
plasma in 2-dimensional approximation [27]. The original HW model assumes single cold ion
species, neglecting finite Larmor radius (FLR) effects on ion transport. Recently, a generalized
HW model has been developed that describes turbulence in multi-species plasma with FLR effects
[22]. However, in that work the FLR effects only on impurities with trace concentrations, where
they do not affect turbulence vorticity, were numerically investigated. A number of modeling
works also considered impurity ions as passive tracers on HW turbulent plasma background [23-
26]. In this paper we apply the generalized HW framework with FLR effects [22] to study
anomalous transport of deuterium-tritium mixed plasma with varying ratios of the densities and
the density gradients.

II. Model equations

We consider resistive drift wave plasma turbulence in (x,y) plane geometry, where x is the
radial and y is the poloidal coordinates. The constant uniform magnetic field B is applied in z
direction. Considering first order isothermal perturbations in cross-field ion velocities and
following derivation procedures of the generalized Hasegawa-Wakatani model including FLR
effects for resistive drift wave turbulence [22] we obtain dimensionless model equations for
arbitrary number and concentration of ion species. In the derivation we retain FLR related terms
associated with density perturbations in ion polarization velocity component for all ion species
assuming T; # 0, as well as terms related to ion viscosity and friction between ion species, leading
to the following normalized equations for vorticity and ion densities

at (Vi(p + Z RiSiVini> =
i

—{@,Vi0} + DetV1 0 — Xi RiSi (VL - {o, V n;} — D;Viny) + a(@ — fie), 1
9, (n; — R;Vin; — Q;Vig) =
—{@,ni} = ,0+R; (V- {o,V n;} — D;Viny) + Qi({o, Vi) — DiVie)
+%;vi;(RiP;V3n; — RjP;V3n)), )
where {a,b} = dsa-dyb —dya-d,b is the Poisson’s bracket and a =a — fady/[dy. In the

. . T . L
model equations the following parameters are used: a = kﬁ Kie is the electron adiabaticity
€
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T M
parameter, Rj = ——
Te Mefr

Ziz is the parameter describing strength of the FLR effects for ion species
i

1, §i = Z; %N—‘ describes contributions of different ion species to FLR related terms in vorticity
e Ve

. M 1. . - . . .
equation, Q; = };—e " - 7 is related to coupling between vorticity and ion density fluctuations, D; =
i Meff &i
Nig T is the normalized ion viscosity coefficient n;, and B; = KiZi% is the normalization
ele i

coefficient for ion friction terms. Here, m,, Ng, To and M;, N;, T; are the mass, density, and
temperature of electrons and plasma ions of kind ‘i’, respectively, Z; is the ‘i’-type ion’s charge
KijN;j

n is the normalized frequency of momentum exchange collisions for ions of
i4iKesieff

number, vj; =

kind ‘i” with ion species ‘j’ having rate Kj; , py; = —L is the reduced mass for ‘i’ and ‘j’ ions,

M;+M;
M. = iNiMj Q=8 02y = Te — ZiNiM;D; =—p dnNe) _ %iZiNiki  _
eff Ne > eff CMeff’ eff Meffn'éff’ eff NeMorr )y Re eff dx YiZiN; s Kj
d(In Nj . . . . ..
—Peff ¢ '), e is the elementary charge, c is the speed of light, v; is the collisional frequency for

X
electrons with ions, and k; is the characteristic wave number of plasma perturbations along the
magnetic field lines. The coordinates and variables in equations (1) and (2) are normalized as
follows KeQepet’ = t; Lop 2o o N; S — n;, where t' and ¥ are the
Peff KeTe KeNe KiNj
dimensional temporal and spatial coordinates, @', n.’, n;’, and are the perturbation magnitudes of

dimensional electric potential, electron, and ion densities, respectively.

In the considered here case of warm plasma ions, the vorticity and continuity equations (1)
and (2) become mutually interconnected, where ion density fluctuations contribute to FLR effects
in vorticity, and vorticity is coupled with the density fluctuations. We also recall that vorticity
equation (1) implies quasi-neutrality of the plasma, i.e. N, = Y; Z;N;, which together with equation
(2) gives

atne = _{(p:ne} - ay(p + 0‘((5 - ﬁe)s (3)
. . . . i ZiNjKkin;
where the normalized electron density perturbations are related to the ion ones as ny = %
141917

We note that the FLR effects do not contribute to the electron continuity equation (3). Hence, for
a case of single ion species the FLR effects effectively enter only in vorticity equation (1).

In this study, we are primarily interested in turbulent cross-field plasma transport, which is
described by dimensionless spatially averaged cross field flux of species s = e, i

(Is) = — [ ng 0y d?F/ [ d*F 4)

1/2
that has normalization units of kKgNgk, (NT—E) . Accordingly, the dimensional anomalous particle
eff:

diffusivity is proportional to the normalized flux as Dy = %}:e (L) [23].

We also should note that the resistive interchange (RI) instability can be an important player
in edge plasma turbulence in tokamaks. Considering RI instability in the HW framework, it is
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possible to show that RI turbulent source term is controlled by parameter og; = 2pesr/Rke, Where
R is the major radius of a tokamak, similar to the electron adiabaticity parameter a for RDW
turbulence. Assuming parallel wave number kj;~1/qR, where q is the safety factor, the ratio o, =

agp/o = 2 , ﬁ q? % (here A¢ is the Coulomb mean free path) defines relative strength of RI and

RDW turbulent drives. Therefore, the RDW drive governs turbulence for a; values substantially
smaller than one, which can be the case in tokamak edge due to smallness of the electron-to-ion
mass ratio. Our present manuscript focuses on this turbulence regime and we plan extending the
generalized HW model to include RI drive in future publications.

In addition, the used HW-like model is local, as it is isothermal and the logarithmic density
gradient parameters, e.g. k., are assumed constant. Thus, the model is applicable in regions where
conditions for the model parameters alike of % & kyke, Where Kk, is a characteristic turbulence
radial wave number, are satisfied. We can assume that except edge regions where transport barriers
are formed such approximation is reasonably applicable, which would include L-mode and

periphery of H-mode plasmas.

III.  Numerical parameters

We obtain numerical solutions of RDW turbulence equations (1) and (2) with FLR effects
using pseudo-spectral code Dedalus [28]. The equations are solved in a square domain of size L =
2m/AKk, where Ak = 0.1 is the smallest resolved wave number. We use Fourier basis functions on
uniform square grid of size 256 X 256 with de-aliasing factor 3/2. The time integration is
performed using (3-g)-order 3-stage Runge-Kutta method with time step At = 1073 and the
simulations continued for 10* dimensionless time units. All plasma transport characteristics
discussed further in Section IV are considered in fully developed non-linear turbulence stage.

The numerical solutions are obtained for mixed deuterium-tritium edge plasma of
tokamaks, assuming M; =2and3a.u. for D and T ions, respectively, magnetic field
B~3 x 10* G, plasma density N,~3 X 103 cm™ with characteristic decay length
[d(In N.)/dx]~1~1 cm, and plasma temperature T,~T;~50 eV. For these conditions we evaluate
the normalized viscosity coefficient D;~2 x 1073, the normalized collision frequency v;;~0.2,
which define corresponding dissipative terms in the model equations, and the proportionality
coefficient between the anomalous diffusivity and the dimensionless particle flux CK:% ~0.7 m?/s.

We consider two values of the electron adiabaticity parameter a = 0.01, 0.1 and various values of
other parameters corresponding to deuterium density fraction Np /N, = 0.25,0.5,0.75, and the
ratio of deuterium-to-tritium logarithmic density gradients xp/xt = 0.3, 1, 3, see Table 1. As one
can see in the table, the values of parameter R; related to strength of FLR effects are not very
different from one due to the similarity of deuterium and tritium ion masses.

We note that the used generalized HW theoretical model and the corresponding numerical
results are essentially dimensionless and applicable to a wide range of edge plasma conditions.
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The specified dimensional plasma parameters are used mostly to estimate physically relevant
values of the dissipative and friction coefficients in the model equations, which do not limit
applicability of the obtained results. We also note that many existing computational RDW studies
with HW-like models use artificial (both in functional form and value) dissipative terms just for
the purpose of dissipating enstrophy cascade at high wave numbers.

Ny /N, 0.25 0.5 0.75
Kp/Kr R s |alp[rR]s]alr|[rR]s][alevr
i=D, j=T 0.8 | 023|173 | 0.011
* N0 12 [077 078 | 0.025
i=D,j=T | 0.73 | 0.25 | 0.73 | 0.024 | 0.8 | 0.5 | 0.8 |0.024 | 0.89 | 0.75 | 0.89 | 0.024
! i=T,j=D | 1.09 | 0.75 | 1.09 [ 0.016 | 1.2 |05 [ 1.2 [0.016| 1.33 ] 0.25 | 1.33 | 0.016
i=D, j=T 0.8 | 0.75 | 0.53 | 0.036
3 i=T, j=D 1.2 | 0.25 | 2.4 | 0.008

Table 1. Set of model parameters for the different simulated N /N, and kp /K.

Iv. Results
IVA oa=0.01

For a = 0.01 the simulated turbulence forms large size vortex-like structures, Figure 1(a)
and (b), as compared to smaller vortices observed without FLR effects [20-23,25]. This may rise
concerns about effects of the periodic boundary conditions on the simulated turbulence. For
validation, we repeated simulations with the doubled domain size L, while preserving the spatial
grid cell size, for selected a = 0.01 cases. The simulations with the doubled domain size showed
qualitatively and quantitatively similar results to the presented below. As the simulations of the
larger system are more expensive computationally and take much longer time, we include here
more complete results for the numerical parameters outlined in Section II1.

The simulated deuterium and tritium density fluctuations are close, but not identical, to
each other, Figure 1(c). The amplitude of normalized density fluctuations of tritium is somewhat
smaller than that of deuterium with the respective standard deviations equal 34 and 37. However,
tritium density fluctuations are more strongly correlated with the radial plasma velocity —d,,¢ than
deuterium ones, where the corresponding tritium and deuterium Pearson’s correlation coefficients
are equal 0.055 and 0.043, respectively. This causes noticeable differences in modelled deuterium
and tritium dimensionless radial fluxes, equivalent to differences in anomalous diffusivities of the
two hydrogen isotopes, as discussed above. We note, that within the generalized HW model of
multi-species plasma turbulence without FLR effects all plasma ions have the same anomalous
diffusivities, as was shown in previous work [23]. Thus, the observed differences are a direct
consequence of FLR effects on the ion transport.



Figure 1. Snapshot at t = 9999 of simulated fluctuation profiles of (a) the electric potential, (b)
the deuterium density, and (c) the difference between tritium and deuterium densities for the

case Np /N, = 0.5, xp/xt = 1, and « = 0.01.

107"
1072 5
[V
[a)]
[a
10-3 1 — < I, >
—_— <1y >
—_— <y >

10 20 30

<[>

“10 0
Figure 2. Probability distributions of temporal
fluctuation amplitudes of the domain averaged
electron, deuterium, and tritium dimensionless
fluxes for the case N /N, = 0.5, kp/xt =1,
and o = 0.01.

The representative simulated
probability distribution functions (PDFs) of the
temporal fluctuations of the domain averaged
fluxes, Eq. (4), are shown in Figure 2 for
Np/Ne = 0.5 and xp/kr = 1. They show that
amplitude of the temporal fluctuations of
fluxes averaged over small volume is large in
comparison to the mean flux, similar to
previously observed increase of flux
fluctuations amplitude of heavy ions due to
FLR effects [22]. It is also notable that the
tritium flux is generally slightly more positive
(radially outward) than the deuterium one. This
tendency is observed for all simulated system
parameters. As expected from ambipolarity
condition, the electron flux values are in-
between of the two ion species.

Np/Ne 0.25 0.5 0.75
Ko/Kr oy | [ | | | | [ |
0.3 462 | 548 | 573
1 512 | 568 | 587 | 560 | 600 | 641 | 544 | 563 | 6.20
3 531 | 539 | 562
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Table 2. Simulated time-averaged mean dimensionless fluxes of plasma species for the cases

with a = 0.01.
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The mean dimensionless fluxes

averaged in time for the plasma species are 1.3 — -
given in Table 2. The mean values follow 1053 N ¢ SImulatlons_O os
the same relation between deuterium, * N 1.14 (KD/KT) '
tritium, and electron fluxes as mentioned A T4 N 3
above for all simulated cases. Remarkably, Iz 1.15] h % E
the T-D dimensionless flux (anomalous [’} ¥ N
diffusivity) ratio practically independent of Vv 13 \ E
T-D concentration ratio and depends 1053 \\ ]
weakly on the ratio of logarithmic density
gradients, xp/xp, see Figure 3. The 10 - ; =
dependence can be fitted by scaling ’ ki,
formula . . .
Figure 3. Dependence of the tritium-to-deuterium
{Tp) _ (ﬂ)o.%s 5) dimensionless flux (anomalous diffusivity) ratio on
(rp) — Kp ’ the logarithmic density gradient ratio kp/xy for
a=0.01.

As discussed above, the difference in

deuterium  and  tritum  anomalous

diffusivities is a consequence of the FLR effects. Therefore, the generally larger tritium diffusivity,
as compared to deuterium, can be attributed to the correspondingly stronger FLR impact for
tritium, related to parameter R;, see Table 1. Equating factor 1.14 on right-hand side of expression
(5) to (Mp/Mp)P for the given plasma conditions, we find value of the mass exponent p = 0.33,
which is smaller than expected from gyro-Bohm scaling p = 0.5 [2]. In addition, the dependence
of the diffusivity ratio (5) on the density gradients may partially explain differences between
various experimentally obtained transport scalings on isotope mass, which do not explicitly include
the gradient dependence. Although, the empirical global confinement scalings often exhibit
negative values of the mass exponent and can be influenced by many processes in both the core
and the edge plasmas that are beyond this work considerations [3-17].

We also note that the friction term in ion continuity equation (2) can lead to difference in
fluxes of different ion species. Namely, friction force due to mismatch of diamagnetic poloidal ion
flow velocities causes radial drift of deuterium and tritium ions in opposite directions. However,
due to smallness of the parameter P; (see Table 1) and relatively small normalized collisional
frequency vj; the contribution of friction in the ion flux is small for the considered plasma
conditions.
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IVB a=01

In case of a = 0.1 the simulated plasma turbulence develops zonal flow, see Figure 4. The
amplitudes of density fluctuations in this case are greatly reduced in comparison to the case a =
0.01, while tritium density amplitudes remain smaller than deuterium ones with the respective
standard deviations equal 4.4 and 4.9. The correlations between the density and radial velocity are
increased for both tritium and deuterium, but as in the previous case the tritium correlations have
the larger Pearson’s coefficient of 0.21 vs. 0.19 for deuterium. As can be seen in Figure 4(b),
characteristic size of density structures in this case is much smaller than for a = 0.01 and they are
to some extent confined in the poloidal flow zones separated by shear, Figure 4(c), similar to
previous simulation results without FLR effects [29]. Such confinement inhibits turbulent plasma
mixing between the flow zones.

25

]
&

Figure 4. Snapshot at t = 9999 of simulated fluctuation profiles of (a) electric potential, (b)
electron density, and (c) poloidal velocity for the case N /N, = 0.5, kp/kp = 1, and a = 0.1.

Np/Ne 0.25 0.5 0.75
Ko/Kr M | [ | [ [ | | |
0.3 0.88 0.87 0.87
1 0.90 | 0.90 | 0.90 0.84 0.83 0.82 0.91 | 0.91 ‘ 0.90
3 0.79 0.78 0.76

Table 3. Simulated time-averaged mean dimensionless fluxes of plasma species for the cases

with a = 0.1.
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As aresult, the formation of zonal flow
greatly reduces both the mean and the
temporal fluctuation amplitudes of the domain
averaged radial particle fluxes, Figure 5.
Moreover, the flux probability distributions of
all plasma species become virtually
indistinguishable, as the differences between
— <Ip> the ftritum and deuterium in density
— <lr> fluctuation amplitudes and in  their
20 correlations with radial plasma velocity nearly
<> compensate each other. As one can see in
Table 3, where the time-averaged mean
dimensionless fluxes are presented, the T-D

—_— <>

0.0

Figure 5. Probability distributions of temporal
fluctuation amplitudes of the domain averaged

. " . . flux ratio is practically equal to one for all
electron, deuterium, and tritium dimensionless . . .
fluxes for the case Np/N, = 0.5, Kp /Ky = 1 simulated cases with a = 0.1 independent of
and « = 0.1 € ’ " T-D density and logarithmic density gradient

ratios. Therefore, zonal flow formation
dominates  plasma  transport  strongly
suppressing FLR effects on RDW turbulent deuterium and tritium fluxes.

V. Conclusions

In this work resistive drift wave turbulence model equations for multi-species plasma are
obtained within the generalized Hasegawa-Wakatani framework including FLR effects [22]. We
use the developed model to investigate numerically anomalous cross-field transport of fully
ionized deuterium-tritium mixed plasma in fusion edge region. We found that in the turbulence
regimes with the small electron adiabaticity parameter a = 0.01, characterized by absence of zonal
flow, the tritium anomalous diffusivity exceeds that of deuterium due to stronger FLR impact on
T transport. It is also shown that in this case the T-D anomalous diffusivity ratio does not depend
on T-D density fractions. A scaling dependence of the T-D diffusivity ratio on T and D logarithmic
density gradients is obtained. The obtained dependence indicates that the diffusivity scaling with
ion mass has the exponent value of 0.33 that is weaker than expected from gyro-Bohm scaling
with the mass exponent of 0.5. In the plasma turbulence regimes with the larger electron
adiabaticity parameter o« = 0.1, characterized by existence of zonal flow, the anomalous plasma
transport is greatly reduced and the T and D cross-field diffusivities become effectively identical.
Therefore, zonal flow strongly suppresses FLR-related differences in RDW turbulent transport of
hydrogen isotopes. The obtained results can have important implications for consideration of
fueling rates in future fusion reactors in order to maintain optimal T-D density ratio in burning core
plasma.
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