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ABSTRACT

We derive a diamagnetic resistive fluid model (DRF) and develop an associated two-dimensional fluid simulation code (DRF-2D) to explore
the dynamics of resistive drift modes within the plasmas of the Zheda Plasma Experiment Device (ZPED). The validation of the linear disper-
sion relation for the DRF-2D code revealed a harmonious agreement between analytical theory and linear numerical simulations. Leveraging
plasma parameters obtained from the ZPED experiments, we conducted a comprehensive series of nonlinear simulations using the DRF-2D
code. Our simulations successfully replicate the nonlinear trends in turbulent fluctuations and transport observed in the ZPED experiments,
particularly demonstrating a remarkably accurate alignment of the turning point in the magnetic field. Notably, the DRF model sheds light
on the observed frequency sign reversal from the electron diamagnetic direction to the ion diamagnetic direction in the ZPED experiments.
This is demonstrated through well-matched turning points in the confining magnetic field between the nonlinear simulations and ZPED
experiments. The fidelity of our model in capturing these phenomena underscores its efficacy in providing valuable insights and predictive
capabilities for the intricate dynamics observed in the ZPED plasmas.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0190110

I. INTRODUCTION

In the realm of magnetic fusion plasmas, understanding the intri-
cate dynamics of turbulence transport is crucial for determining the
efficacy of plasma confinement. Drift wave turbulence, a dominant
source of low-frequency electromagnetic fluctuations in most fusion

suitability of HW equations becomes evident. However, the observation
of ion diamagnetic direction waves in the ZPED experiments under low
magnetic fields,” indicative of equilibrium ion diamagnetic flow, sug-
gests the oversight of traditional theories and simulations in accounting
for diamagnetic flow. Therefore, formulating and incorporating a model
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parameters, plays a pivotal role. Of particular interest is resistive drift
wave (RDW) turbulence, prevalent at the periphery of fusion plasmas’
and in linear devices.”* The Zheda Plasma Experiment Device
(ZPED)” has brought forth a noteworthy development, unveiling a
nonlinear phenomenon with profound implications for plasma con-
finement. As the confining magnetic field strengthens, nonlinear tur-
bulence fluctuations initially rise before reaching a saturation level.
Concurrently, density gradients exhibit similar features, accompanied
by a significant shift in wave direction near the critical field.” The
intriguing nonlinear relationship between magnetic field strength and
confinement performance has garnered considerable attention.

The simplicity of the Hasegawa-Wakatani (HW) equations”*
makes them a foundational plasma fluid model for exploring resistive
drift turbulence and nonlinearity’ through extensive numerical simula-
tions on cylindrical plasmas.'’ " In the context of ZPED experiments
characterized by a uniform magnetic field and high resistivity, the

that considers diamagnetic flow in simulations becomes imperative for
a comprehensive understanding,. It is widely recognized that gyroviscos-
ity cancelation can largely mitigate the diamagnetic flow contribution in
the fluid momentum equation."*'® Nonetheless, high-order effects may
persist, and the ion diamagnetic flow effect may become pronounced
when the finite Larmor radius (FLR) effect is substantial.

This paper is structured as follows: In Sec. II, we present the dia-
magnetic resistive fluid model (DRF) and introduce the development
of a two-dimensional fluid code (DRF-2D) based on this model.
Within the same section, we conduct an in-depth analysis of experi-
mental parameters, considering the implications of ionization rates.
The verification of DRF-2D is undertaken through an examination of
linear resistive drift instability, detailed in Sec. ITI A. Moving on to Sec.
111 B, we delve into the nonlinear physics based on ZPED plasma
parameters and experiments, utilizing nonlinear DRF-2D simulations.
This exploration includes the observation of spectrum cascading and
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the evolution of mode structure. Through a series of magnetic field
scans detailed in Sec. I1I B, we uncover nonlinear turbulent transport
and frequency sign reversal that align with observations from ZPED
experiments. To encapsulate our findings, a summary of the main
results is provided in Sec. IV.

Il. SIMULATION MODEL
A. Diamagnetic resistive fluid model

Conventional HW model often overlook a diamagnetic flow effect,
which becomes problematic when dealing with thermal ions possessing
finite diamagnetic velocity vp;. In the ZPED device, a uniform mag-
netic field is reasonably assumed d with B = Byz. Meanwhile, we
assume roughly constant temperature in the device, ie,
T. = T; = constant, which is justified by the relatively small value of
Ly} and effective heat exchange observed between ions and electrons in
experiments.” Tons primarily experience perpendicular viscosity,
whereas electrons are subject to parallel resistivity. Given the absence of
end plates in the ZPED device, we assume an insulating boundary con-
dition. It has been demonstrated that under this condition, the domi-
nant instability is likely to be drift waves, whereas conducting boundary
devices are more prone to sheath modes and Kelvin-Helmholtz insta-
bility.'” We further assume the parallel wavelength to be approximately
equal to the length of the device, i.e,, 4| = L = 2 m. To further simplify
the theoretical model, we introduce the subsidiary small FLR ordering
parameter, A ~ k1 p ~ k| /kL < 1,and 0 ~ A2,

We first start from the ion momentum equation by ignoring the
ion parallel motion:

mini (O, + u; - V)u; + V- np = qni(E + w; x B) + uV7 u; — Vp;,
1
where the term V3 u; is ion collisional viscosity, and my is the gyrovi-
socity. We use the gyroviscosity derived in previous theoretical work:'®
Pio 2 duy

V-np = —ngm;V, - Vuy + Vi, +%bXV(V~u2)—§ prl

(2
bV V() = po s
where V. = S0 4+ 22U B AL 7 = — B x (V0 x ul ) and wy,

u, are the first and second order perturbed flow, respectively. The
gyroviscosity cancelation is included in the preceding expression. By
balancing the first order terms in the preceding momentum equation,
we can find

:be¢1+beﬁ+be-nﬂ.

B 3)
qnoB qnoB

uy

To the lowest order'® in the & expansion, V - 75 = Vy1, and then we

can obtain
ﬁ ~ p ? \v&i (~ E)
(p,»g) B 2 ¢ Zt)’ @

By keeping terms to order §°, the momentum equation can be written
as

2

Ql -

2
- %VZ[V* Vi) = up x b, )
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with which we can find the analytic expression for u,. In addition,
combining the ion continuity equation with the electron continuity
equation gives

Vi (= np). (©)

where ¢, = ¢ — (¢) and n, = n — (n), (...) represents the poloidal
average. We also note that the zonal component of the potential (¢)
does not contribute to the parallel current.

Inserting the expressions for #; and u, in the ion momentum
equation, we can obtain the following normalized vorticity equation:

al(1-2v1 )]
| g joevom (4 5)

C 1 o \en/y -~ 1_,

_7<1+ZVL)VH<¢P_”P>+¥VLVL
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where the ion charge Z may not be unity, and the normalization is
given by t, = 1/Qq, x, = p,, n = ny/ng, and ¢ = e/ T,. The other

m; Qg
me Vei?
_ pQ — 3 mTy 18 — 3Ly i

Cu = g If we use 1 = 55 o then C, = ;7' 5= The normalized

electron continuity equation becomes

constants in the preceding equations are given by C, =

(% + Vi VL)ﬁ + Vi Vinne + GV (9, ) =0. )

The DRF equations (7) and (8) are nonlinear and cannot be
solved analytically in general. In order to solve Egs. (7) and (8) numer-
ically, we have developed a two-dimensional fluid code DRF-2D to
solve the preceding DRF equations. In this code, we treat the parallel
wave spectrum in the z-direction as a single parallel mode and employ
spectral method'” in cylindrical coordinates (r, 0) to solve for the per-
pendicular motion. To advance in time, our code employs a second-
order Runge-Kutta scheme for a balance of accuracy and efficiency.

When pushing Eq. (2), (V2 — 3/2tV* )¢ directly, then we perform
(V2 —3/2¢v*%) ™" to obtain the electric potential. This can be done
by solving the inverse matrix of the spectral differential matrix.

lll. SIMULATION RESULTS
A. Simulation settings based on the ZPED experiment

Recent ZPED experiments have observed many interesting turbu-
lence phenomena (ZPED) via altering the confining magnetic field,
which requires numerical simulation to interpret the underlying phys-
ics. The ZPED device maintains a cylindrical plasma with length
Ly = 2m, and radius gy = 0.15m, and is capable of generating a uni-
form magnetic field of up to 0.2 T.

Our investigation begins with a magnetic field strength of
B = 1000G, near the nonlinear turning point. We set the other ZPED
plasma parameters as follows: 7,(r = 0) = 4.5 x 10m =3, T, = 2.3eV.
For this plasma, the electron—ion collision rate v,; = 4.05 x 10° rad/s
is sufficiently high to maintain thermal equilibrium between ions and
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FIG. 1. Plasma profiles employed in the
simulations vary with 1/L, for equal w.
values. (a) Profiles depicting L, "and (b)
corresponding .. (m = 1) profiles along
the radial direction.
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electrons, allowing us to assume T; = T,. The inverse density gradient
scale length, L 1 reaches its maximum value of 0.0825mm™! at
r = 0.3ay. In addition, we have constructed the density profile using
the following analytic formula, as shown in Fig. 1:
2
C — -

e = Mo | 1+ ¢ | tanh C3a 1), 9)
with [, ¢, ¢3] = [0.41, 0.075, 0.04]. Figures 1(a) and 1(b) also dem-
onstrate the equal-L, ! or equal-w, profiles, whose form were given by
L, (r) = exp(—0.5r*L, ' (0.3a0) /0.3ay). The latter profile is flat and
represents the local profile model, which is usually employed to verify
the linear dispersion relation.

The ZPED employs nitrogen as the working gas, which raises the
question of determining the appropriate ion charge number (Z) for the
ZPED plasmas. Assuming local thermal equilibrium, the density com-
ponents adhere to the following double temperature Saha equation:™’

T’ll 21 (Tg) (2nmekBTe)% Ei 1 — AE,‘]
i AETReRB ) exp( — L 10
Mg zo(Te) n eXp( kpT, )’ (10)

”ibﬂ a1 (Te) 2mmekgT, ) P(— Eipi1 — AEi,b+1) an

=2
Be b (L) W ks T,

where 7, represents the neutral particle density, n;, represents the par-
ticle density for N b+ jon, E;p denotes the ionization energy, and AE;
represents the correction energy due to Debye shielding, although we
disregard this correction in our calculations. 2z, /z; signifies the
ratio of partition functions, which is close to unity. The outcomes of
our calculations for the first six components are depicted in Fig. 2. The
figure illustrates that the ionization rate is nearly 100% and N** ions
dominate the primary region of interest. However, it is important to
note that the Saha equation holds for the ionization process under local
thermal equilibrium. Given that the helicon source operates under
power constraints and the system may not stay in complete thermal
equilibrium, the ionization rate is influenced not only by local temper-
ature but also by complex global conditions. In our nonlinear simula-
tions, we find that setting Z=1 is more appropriate for reproducing
experimental observations. Thus, we make a convenient assumption
that the ionization rate is nearly 100%, and N is the predominant
species. In the subsequent phase of our simulation, we will primarily
focus on the Z = 1 case, although we will also examine the Z = 3 case

0.3 0.4 0.5

r/aO

(b)

for comparison. The precise determination of charge number and ioni-
zation rates is reserved for future experimental investigations.

For simplicity, we assume zero boundary conditions in the simula-
tion at r = 0.15a¢ and r = 0.45a,. This choice is made by considering
the limitations of the helicon source power, which is unable to fully ionize
the gas at the core. Furthermore, the density gradient is most pronounced
at r = 0.3ay, making it a suitable boundary for our radial simulation
region. This approach also helps avoid potential singularity issues when
approaching r = 0. After a convergence study, the number of radial grids
is set as N, = 40, the number of azimuthal grids is set as Ny = 160
points, and the time step to advance simulation is set to df = 0.1Q_".

B. Linear simulation results

To examine the linear physics, we work within a slab geometry
and assume Fourier form in the azimuthal or y- direction, i.e., electro-
static potential fluctuation &(x, »,t) = ¢(x)e® =" and density fluc-
tuation 7 (x, y, t) = n(x)e'® . We take k = m/0.3ay, where m is
the poloidal mode number, gy is the plasma column radius, and 0.3a,

1

EM
<704
0.2
o & 9 f
0 1 2 3 4 5

b

FIG. 2. The density component distribution in nitrogen plasma, obtained by solving
Egs. (8) and (9) up to r = 5, reveals the dominance of N** ions in the nitrogen ion
population.
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FIG. 3. Linear frequency (a) and growth rate (b) vs poloidal mode number m for
Z =1and B = 1000 Gs.
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is the peak position of the density gradient profile. Subsequently, we
derive the linear dispersion relation for the DRF model by linearizing
Egs. (7) and (8) while retaining solely the first-order terms:

—ioii + 0.y — CK (1~ ) =0, (12)
2 3, . ~ P k? 5~ -
k (1+2Z2‘Ek (—16&)) ¢k +Z_‘L’ + I_TZT kH (¢k—nk)
ik4w*i ~ ﬁk) 4 (~ ﬁk) -
+ 71 ((f)k'i‘z +Cllk d)k +Z = 0. (13)

Numerically solving Egs. (12) and (13) yields the dispersion rela-
tion. As T; — 0, we can retrieve the dispersion relation for resistive
drift wave (RDW) under the assumption of cold ions.”" It is known
that RDW mainly propagates in the electron diamagnetic direction.
From the numerical dispersion relation plotted against the poloidal
mode number m, as shown by the solid lines in Fig. 3, it becomes evi-
dent that the negative real frequency o, is achievable when the wave-
length is sufficiently small, which suggests that RDW can propagate in
the ion diamagnetic direction in the low magnetic field limit. This
observation opens up possibilities for elucidating the frequency shift
observed in the ZEPD experiments.

In order to validate the linear physics of the DRF-2D code, we
utilize the profiles displayed in Fig. 1, which ensures that o, is uniform
in the radial direction. The linear simulation results are presented in
Fig. 3 for the case with Z = 1 and B = 1000 Gs. Upon comparing with

4 o4 3
5 210 6 x10 1,510
1.5
4 1
1
2 0.5
0.5
0 0 0
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10

m m

@) W

/ ‘
\\‘g"/ )

(d) (e)

FIG. 4. Density mode structures obtained from nonlinear simulations with Z =1, B =
respectively. Corresponding 2D mode structures are depicted in (d)—(f).

1000 Gs. The m-spectra at t = 1500, 2700, 5100(Qg;') are presented in (a)~(c),
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the theoretical predictions in Eq. (6), it becomes evident that, for the
local profile, the real frequencies and growth rates closely align with
the analytical theory, albeit with some noticeable differences.

C. Nonlinear simulation for the ZPED plasmas

All azimuthal modes were retained in the DRF-2D simulations,
allowing them to progress nonlinearly until reaching saturation. This
approach was adopted to capture turbulent transport phenomena for
direct comparison with observations from the ZPED experiments. It is

ARTICLE pubs.aip.org/aip/pop

noteworthy that the original Hasegawa—Wakatani equations are well-
regarded for their capability to address nonlinear mode-mode coupling
processes.”” The utilization of multiple-mode nonlinear simulations is
anticipated to align the nonlinear plasma behaviors of the DRF system
with experimental diagnostics.™

1. Evolution of azimuthal wave spectrum

The ZPED experiments reveal a concentration of turbulence spec-
tra in the low-m range, characterized by azimuthal wave numbers m
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ranging from 1 to 5. The linear dispersion relation predicts the fastest
growing mode to be the m = 5 mode for linear modes. However, dur-
ing the nonlinear saturation of DRF-2D simulations, we observe a cas-
cade in the azimuthal mode spectrum toward smaller m directions,
accompanied by the excitation of zonal flows. This reproduction results
in an azimuthal mode spectrum akin to that observed in experiments.
As illustrated in Figs. 4(a) and 4(d), when Z = 1, B = 1000 Gs,
and Qt = 1500, the dominant mode during the linear stage is m = 3.
By Qt = 2700, the system enters the saturation phase, with the spec-
trum beginning to broaden. In the fully saturated nonlinear stage
(Qt = 5100), the perpendicular structure continues to evolve to lon-
ger and shorter wavelengths, with the m = 3—6 mode becoming domi-
nant in the azimuthal mode spectrum, consistent with experimental
observations.” Figures 4(b) and 4(c) reveal a significant m = 0 zonal
flow component in the azimuthal mode spectrum during nonlinear
turbulence. In summary, it is crucial to understand the experimental

ARTICLE

pubs.aip.org/aip/pop

observation of low-m modes by considering the significant broadening
in the azimuthal mode spectrum and the generation of zonal flow dur-
ing the nonlinear saturation of resistive drift mode.

2. Fluctuations and transport vs magnetic field

As the confining magnetic field B varies, our nonlinear DRF-2D
simulations exhibit similar characteristics to those observed in experi-
ments, as shown in Fig. 5. Initially, electric potential fluctuations
increase as B increases. However, a turning point occurs at approxi-
mately B = 900 Gs, beyond which the fluctuations begin to saturate as
B continues to increase.” A corresponding regularity is observed in the
density gradient scale length L, 1. To comprehensively assess the
effect of magnetic field B, we conduct a parameter scan via varying B
and measuring the corresponding saturation levels of nonlinear poten-
tial fluctuations ¢ and particle diffusivity D;. We computed the ¢
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FIG. 6. The w-m spectrum of electric potential under different confining magnetic fields: (a) B =700 Gs, (b) B = 1000 Gs, and (c) B = 1500 Gs. (d) ky — f spectrum for turbu-

lence in the ZPED experiment.”
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levels by calculating the root mean square value on the reference flux
surface at r = 0.3ay, and the particle diffusivity D; was determined
through  azimuthal averaging at r=0.3aqy, given by
Di = L” <ﬁVE=’>r:O,3a0/n0'

In the course of conducting B scanning simulations with Z = 1,
we pinpointed the critical magnetic field for both ¢ and D; at 900 Gs.
The level of potential fluctuations, serving as a turbulence strength indi-
cator, exhibits a trend closely resembling experimental observations dur-
ing B field scans. The nonlinear behavior of the particle transport
coefficient elucidates the observed trend in L' in the ZPED experi-
ments.” Specifically, as the magnetic field gradually increases but stays
below 900 Gs, D; decreases, suggesting an enhancement in confinement
and hinting at a potential formation of a steeper density gradient and
transport barrier. Conversely, when the magnetic field surpasses the
critical value (B = 900 Gs), the predicted D; remains relatively constant,
signifying a stable confinement scenario with minimal variation in L, *.

For the Z = 3 case, illustrated in Fig. 5, both the critical magnetic
fields for ¢ and D; are identified at 800 Gs. The trend of ¢ mirrors
that of experiments and the Z=1 case, where normalized electric
potentials initially increase and then maintain a constant level. As the
magnetic field B increases, D; exhibits an initial growth from nearly
zero. Beyond a critical value, B = 800 Gs, the particle diffusivity D;
gradually decreases. Notably, the magnitudes of ¢ and D; for the
Z=3 case are substantially smaller than those for the Z =1 case,
underscoring the sensitivity of fluctuation and transport to the ion
charge number Z. It is evident that the trends in the electric fluctuation
and particle diffusivity observed in the ZPED experiments align more
closely with the Z =1 case in the nonlinear DRF-2D simulations.
Therefore, we can confidently assert that nonlinear simulations
employing the DRF-2D code effectively explain the critical nonlinear
characteristics observed in the ZPED experiments when assuming the
N ions as the dominant ion component.

An intriguing phenomenon unique to the DRF model is the
reversal in frequency sign, transitioning from the ion diamagnetic
direction to the electron diamagnetic direction with an increasing mag-
netic field strength, as illustrated in Fig. 6. This observation concurs
with experimental findings, where a change in wave propagation direc-
tion is noted at approximately B = 1000 Gs.” In our simulations, the
predominant mode exhibits ion diamagnetic characteristics during the
linear stage when the magnetic field is below 900 Gs, with no signifi-
cant evidence of inverse cascading in the azimuthal spectrum.
However, beyond the critical value, the azimuthal spectrum initiates a
cascade toward a low m-mode dominated spectrum, propagating in
the electron diamagnetic direction.

It is noteworthy that, in the context of the conventional
Hasegawa—Wakatani equations, a change in wave propagation direc-
tion is deemed impossible due to the absence of ion diamagnetic flow.
Contrary to the Z=3 DRF model, in which no frequency sign change
occurs after nonlinear saturation, our observations provide robust evi-
dence favoring the Z =1 DRF model. This underscores the distinctive
capability of the Z =1 model in capturing and explaining the observed
frequency sign reversal, further strengthening the case for its superior-
ity over the Z =3 DRF model.

The remarkable alignment observed between the experimental
results and the (Z=1) DRF-2D nonlinear simulations strongly sup-
ports the presence of ion diamagnetic flow within the ZPED linear
device. The observed frequency sign reversal and variations in
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turbulence transport under different magnetic field conditions suggest
a potential link to the nonlinear cascading of the turbulence spectrum.
Initially, the instability grows faster, particularly with higher m modes.
In scenarios with sufficiently confining magnetic fields, the turbulence
undergoes cascading into low m turbulence, predominantly propagat-
ing in the electron diamagnetic direction. Conversely, under condi-
tions of relatively low confining magnetic fields, the turbulence fails to
cascade into a low-m spectrum, and the turbulence modes persist in
the ion diamagnetic direction. In the regime dominated by w.., the
turbulence displays a notable combination of high fluctuation levels
and low particle transport. This characteristic may hold significance
for particle confinement within the ZPED, emphasizing the impor-
tance of understanding and manipulating turbulence dynamics in opti-
mizing particle behavior within the system.

IV. CONCLUSIONS

Our work has yielded significant advancements in understanding
the complex dynamics of resistive fluid systems, particularly in the
context of the ZPED experiments. The formulation of the resistive
fluid model DRF, which integrates diamagnetic flow effects into the
traditional HW equation, has enabled us to develop the DRF-2D code.
Through rigorous testing, we successfully validated the linear disper-
sion relation for resistive drift waves, aligning our numerical results
from DRF-2D with analytical dispersion.

The nonlinear simulations conducted using DRF-2D unveiled
intriguing phenomena, notably the observed inverse cascading in the
azimuthal spectrum exclusive to the Z=1 case. This phenomenon
accurately reproduced a perpendicular mode structure akin to experi-
mental findings in ZPED. Magnetic field scans in our simulations fur-
ther demonstrated a compelling correlation between the saturated
electric potential and the turbulent particle diffusivity, closely mirror-
ing experimental data and providing insights into the observed change
in L, ! in recent ZPED experiments.

A noteworthy discovery in our investigation was the frequency
sign change near the critical magnetic field, highlighting the indispens-
able role of diamagnetic flow in linear devices. Considering the compo-
sition of ZPED plasmas according to the Saha equation, our nonlinear
simulations challenge the conventional belief that N*" is the dominant
ion component. Instead, our findings favor the Z =1 model over the
Z =3 model, suggesting that N may be the prevalent ion species in
the ZPED plasmas.

Looking ahead, our future research will focus on investigating the
various factors that can contribute to the nonlinear critical magnetic
field, including resistivity, viscosity, diamagnetic flow, and equilibrium
flow. Additionally, incorporating temperature perturbations in the
DRF model may be essential for understanding heat transport in the
ZPED plasmas. A more comprehensive theoretical and simulation
investigation is needed to elucidate the distinct transport characteris-
tics on both sides of the turning point in the confining magnetic field.
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