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ABSTRACT.

The one-dimensional fluid code SOLF1D has been used for modelling of plasma transport in
the Scrape-Off Layer (SOL) along magnetic field lines, both in steady state and under transient
conditions that arise due to plasma turbulence. The presented work summarizes results of SOLF1D
with attention given to transient parallel transport which reveals two distinct time scales due to the
transport mechanisms of convection and diffusion. Time-dependent modelling combined with the
effect of ballooning shows propagation of particles along the magnetic field line with Mach number
up to M = 1 and supersonic transport when plasma-neutral interactions are not present. Asymmetric
heat and particle fluxes are analyzed for a case with poloidally asymmetric radial outflow (ballooning)
and for a radial outflow with parallel momentum (rotation). In addition, parallel damping of the
density and electron temperature calculated in SOLF1D is compared with the approximative model
used in the turbulence code ESEL both for steady-state and turbulent SOL. Dynamics of the parallel
transport are investigated for a simple transient event simulating the propagation of particles and
energy to the targets from a blob passing across the flux tube at the outboard midplane and for time-
dependent data provided by ESEL.

1. INTRODUCTION

The anomalous radial transport in the tokamak edge region is accepted to be caused by plasma
turbulence. Experimental investigations and modelling of the turbulence and intermittent structures
known as plasma blobs have been established with a certain success in describing these phenomena
and revealing their driving mechanisms [2, 3, 4]. A number of codes has been developed to study
the plasma turbulence in the edge/SOL region [5].

The ESEL code [6, 7] simulates electrostatic interchange turbulence in twodimensional geometry
at the outboard midplane of a tokamak, perpendicular to the magnetic field. The computational
domain involves the edge region with closed magnetic field lines, and the SOL and wall regions
where magnetic field lines intercept divertor targets or the wall. Plasma and energy losses along the
magnetic field to the targets in the open-field region are described by loss terms assuming subsonic
advection of particles and classical Spitzer-H arm diffusion for energy transport (see section 3.1).
Values of parallel loss terms are calculated from the local density and temperature as if we had a
steady-state solution in the parallel direction, neglecting any effects of dynamics. It is expected,
however, and also indicated by the presented investigations, that the parallel dynamics reveal rather
a complex behaviour and it is desirable to describe the parallel transport in ESEL simulations in
time-dependent way consistently with turbulent radial transport. It is therefore planned to improve
ESEL parallel physics or couple ESEL with the SOLF1D code into a quasi three-dimensional model.

SOLFID is a one-dimensional fluid code for modelling plasma transport in the SOL along
magnetic field lines, the dimension missing in ESEL. SOLFID solves a set of Braginskii-like
equations [8] for electrons and ions and assumes ambipolarity and no net current. Plasma-neutral

collisions are taken into account and neutrals are treated as a separate fluid. Cross-field transport



constitutes a source of mass and energy for the one-dimensional computational region and following
the standard approach in the fluid modelling of the SOL, SOLF1D requires these cross-field sources
on the input. Beside steady-state sources used to achieve a stationary solution, it is possible to solve
time-dependent problems and use e.g. fluctuating sources which result from the edge

turbulence in ESEL.

ESEL has been applied to TCV and JET discharges so far [7, 9] and these ESEL runs are of
interest in this paper. Operational parameters are listed in [9]. It has been found, specifically for
the low-collision L-mode plasma of a JET experiment, that the experimental radial profile of the
temperature at the outboard midplane is reproduced well by ESEL simulation, while the density
profile is not found to match the experiment. Simulation results indicate that a more precise treatment
of parallel flows in ESEL is required and the description of the parallel transport is considered as
the main weakness of ESEL. The ESEL model of parallel losses was derived for steady-state and
simple SOL conditions. In low-collisionality regimes (the so-called simple SOL), we typically do not
observe strong gradients of plasma parameters along the magnetic field and crossParallel transport
in the SOL 3 field transport is the dominant source of SOL plasma. To satisfy the low-collisionality
conditions, a kinetic correction known as the heat flux limiter [10, 11] is introduced. However, in the
investigated case of the divertor TCV tokamak, we expect to find the SOL in a conduction-limited
or detached regime when we observe a strong recycling of neutrals at the targets and the simple
SOL assumption can be violated.

The following section (section 2) introduces the SOLF1D code. The first part of the paper
(section 3) compares the simple ESEL model with the fluid description of SOLFID for a steady-
state SOL. In the second part (section 4), we focus on the parallel transport in transient conditions.
Before coupling the two codes, which will lead to a rather complex system, it is useful to study the
response of SOLFID to large fluctuations in the one-dimensional system only. First, we analyze
in detail the transit of a single blob and then the application of SOLF1D to ESEL output follows.
Several cases are investigated in sections 4.1-4.5 including asymmetric cases where we calculate

heat and particle fluxes on the targets (note that kinetic effects are neglected in the fluid code).

2. SOLF1D CODE
The SOLF1D code is based on a one-dimensional fluid model solving classical Braginskii equations
(e.g. as the model in [12]) for the ion density ni, the parallel ion velocity ui, the electron temperature

T, and the ion temperature T;
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and assuming charge neutrality ne = ni and ambipolarity u, = u; (no net parallel current j = 0) and
the electron momentum equation reduced to the generalized Ohm’s law en E = —dp,/0, +R, from

which the ambipolar electric field can be evaluated. S " SE SEand SiE are sources of the mass,

1 2¥e Ve
momentum and energy and include collision terms (ionization, charge exchange, recombination and
excitation) and external sources of particles and energy into the flux tube S"gyr and SEEXT which
are here supposed to appear due to cross-field transport. R, and R; (R, = —R;) are the thermal and
friction forces, E is the parallel electric field, p; and p, is the ion and electron static pressure, i is the
ion viscosity, mi is the ion mass and g, = —x,0(kT,)/dx and q; = —x.d(kT})/dx are the thermal heat
fluxes. Q, and Q, (Q, = —0Q,) is the heating due to electron-ion collisions.

To solve the particle and energy balance in a one-dimensional flux tube, we need to know, in the
input of the code, the amount of particles and energy entering the domain (S"gyr and SEEXT) and
the size of the domain (the connection length L_). We use classical transport coefficients, heat flux
limiters are not used in the work that follows. The ion viscosity n;, the electron and ion thermal

conductivities K, and x; and the ion heating Qi are calculated from formulas given in [13]
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Standard sheath boundary conditions are incorporated u; = ¢, =/ k(T, + T;)/m;, Q; = 8,kT;n;u; and
Q,=9,kT,n,u, using the energy transmission coefficients of the sheath §,=3.5 and 9, =5.0.
SOLFI1D couples the plasma model with a one-dimensional fluid model of neutrals. In the SOL,
the neutrals are assumed to be in a local thermal equilibrium with the ions due to charge-exchange
processes, therefore they are considered to have the temperature locally equal to the ion temperature

T,= T, everywhere in the SOL. The continuity and momentum transfer equations
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are solved for the density of neutrals n, and their parallel velocity u, and taking into account

changes of the density and momentum S," 0 and S,," caused by collisions with plasma. p, and m



are neutral pressure and mass. It is assumed that neutrals are all ionized within the SOL and there is
no cross-field source or sink to/from the computational domain. A target pumping is represented by
the boundary condition I'y = —RT; using the recycling coefficient R = 0.975 and u, at the boundary
is prescribed to the neutral thermal speed ,/ kT,/m, (neutrals leaving the wall are assumed to
equilibrate fast with plasma ions due to the charge exchange.) The system of nonlinear equations
is solved by an algorithm based on the finite difference method. The equations are discretized on
a non-uniform staggered grid using traditional numerical schemes and solved by a mixed explicit/
implicit time integration. We use an exponential grid with refined spacing in boundary regions where
large gradients can occur in high-recycling or detached regimes and the number of grid points in
the parallel direction in presented runs was 100. The convective terms of the fluid equations are
converted to finite difference expressions by the second-order upwind scheme and the diffusive
terms are discretized by the Crank-Nicholson scheme. The time stepping is based on the second-
order splitting method (see e.g. [14]). Nonlinear terms are treated explicitly, while linear terms
are updated to a new time level implicitly. Resulting systems of linear equations are solved by the

Progonka and Matrix Progonka methods described in [15].

3. STEADY-STATE PARALLEL TRANSPORT
3.1. ESEL MODEL

Plasma transport along magnetic field lines to divertor targets can be characterized by parallel
particle density and energy loss times n and E. The model of parallel losses in ESEL assumes a
steady-state simple SOL and calculates the parallel loss times for particles and energy from values
of the density and temperature at the outer midplane [9]. The parallel loss terms are described as
losses caused by subsonic advection

Ly
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with the sound speed cs and Mach number M (in ESEL M = 0.5 is considered as the average value
along the SOL if we assume the simple SOL with approximately linear Mach number between

targets) and the Spitzer-H arm diffusion

372
2L||”€

lim
He

(11)

T =

with modified heat conductivity Kelim using heat flux limits to satisfy all SOL collisionality regimes.
The length scale of parallel density and temperature variations Ly (in general distinct for the density
and temperature) is assumed equal to the connection length L. The following work is linked to the
most documented ESEL results [7, 16], a simulation of interchange turbulence in the TCV tokamak
with the separatrix density and electron temperature n,, ~ 2x10"” m™ and T, =20eV. We use the
connection length L.=15m (calculated from the LIUQE equilibrium reconstruction for typical TCV

shot in the divertor configuration).



3.2. SOLF1D MODEL

The SOLF1D model was compared with the ESEL model in steady state as a first approach to
estimate the possible impact of the fluid description on the strength of parallel damping for various
collisionality regimes and to see if the approximations (10) and (11) remain valid under high-
recycling conditions that are typically observed in divertor tokamaks and that were experimentally
achieved in the investigated TCV case.

A parameter scan has been carried out changing values of the cross-field sources Sy and SEEXT
and corresponding steady-state solutions were used to calculate parallel loss times. Uniform cross-
field sources were considered along the SOL consistent with the assumption L = L. of the ESEL
model and the equations
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dx T
evaluated at the midplane (the upstream location in SOLF1D) were used as the definition for the
parallel particle density and energy loss times, a more general from which the equations (10) and (11)
can be derived under the simple SOL picture. The condition of quasi-neutrality n,=n; is assumed.
Note that the equations (12) and (13) do not take into account collision terms as their contribution

to the parallel transport at the midplane is considered negligible.

3.3. COMPARISON

The parallel loss times are plotted as a function of the electron collisionality
® L.

= (14)

e

a parameter characterizing the operational regime of a tokamak defined as the ratio of the connection

length L. and the electron collision length. The electron collision time is taken to be
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as given in [13] and using the Coulomb logarithm A = 17. The collisionality is calculated from the
upstream values of the density and temperature. Note that t, and T are not uniquely determined
by the collisionality, from (10) and (11) we get t/t,, if we assume L = L.. However, a wider scan
over both §";xt and SEEXT shows the same trend. The results presented in Fig.1 compare SOLF1D
(red) and ESEL (black) values for a scan over the particle source S gy, While keeping the energy
input SEEXT constant. Fair agreement has been obtained for the parallel energy loss time T in the

investigated collisionality range and it appears that the simple model based on the heat diffusion is



a good approximation in a steady state. The power to the targets is carried mostly by the conduction
(compare the yellow and red points in Fig.1), only at very weak collisionalities does the convection
also play a role. A remarkable difference has been found in the comparison of the parallel density
loss times T, in the whole collisionalityrange and equation (10) seems to be too approximate estimate
even in the steady-state case.

In figure 1, the first run of SOLF1D corresponding to the lowest collisionality coincides precisely
with the ESEL model. If we look at steady-state parallel profiles of plasma parameters for this run
(Fig.2 top) and the run 4 (Fig.2 bottom), we can notice a transition from a recycling regime with
typical higher plasma density at the targets and SOL balance influenced by the ionization of neutrals
in the divertor region, to a simple SOL regime with characteristic flat profile of the temperature and
a parabolic profile of the density.

With increasing collisionality, a high-recycling system is formed in front of the target and if
we go even further, we approach a limit (7, = 5eV) for transition to detachment. In SOLF1D, we
observe an onset of such regime when the particle flux on the target starts to decrease (Fig.3) due
to charge-exchange momentum losses, while the ionization becomes less important. The charge-
exchange process starts to dominate, but the recombination is still weak for target temperatures above
2eV. It is worth mentioning that the code does not take into account the influence of impurities that
sufficiently cool the plasma further, making the momentum removal more efficient. It could be also
noted that the upstream density is usually the controlling parameter in monitoring a transition to the
detached regime, while here, changing the particle source S"gyr With a constant step does not make
a big change of the upstream density at higher collisionalities, since in such regimes, the cross-field
particle source becomes less important source of plasma in the SOL compared to ionization within
the SOL and the plasma in the SOL is mainly sustained due to high recycling. Figure 3 shows also
a departure from the total pressure conservation. Here the total pressure ptot is calculated as a sum
of static and dynamic components. Constant total pressure between targets would correspond to
the two-point model [17, 18] assuming that parallel sources or sinks of momentum due to plasma-
neutral collisions are not present and neglecting viscous effects.

In the complex SOL, steep gradients of the plasma density develop close to targets as a
consequence of a strong source by the ionization of neutrals (the dominant source of the SOL
plasma). This effects on parallel gradients in the SOL which drive plasma transport and determine
also the parallel losses calculated at the midplane. The simulation without neutrals in Fig.4 (we
would observe parabolic-like profiles of the density) shows that the simple expression (10) for T,
is justified for the simple SOL and we can assume L = L. (consistent with linear Mach number).
On the other hand, the heat convection starts playing a role in the heat transport and the equation
(11) becomes less accurate. Note that the scan in Fig. 4 is a rather artificial simulation of the simple
SOL in sense that plasma-neutral interactions and neutral recycling are not present within the flux
tube and the cross-field flux represents the only plasma source in the whole collisionality range.

The discrepancy between T, calculated in SOLF1D and by the model used in ESEL in the steady-



state case (Fig.1) has been explained by the assumption of the simple SOL in ESEL. Other relevant
effects important for this analysis will be discussed in the following section. Here uniform cross-field
sources were considered in the fluid model. The distribution of the sources S"gyr and SEEXT (we
assume the same SEEXT to electron and ion channels) along the SOL will surely affect L. In real
experiments, radial flows from the main plasma to the SOL are predominantly concentrated around
the outboard midplane due to poloidal asymmetries [19] and the parallel profiles of the sources
should be better described e.g. by a Gaussian function localized at the midplane. Such peaked sources
would shape the parallel profiles of plasma parameters and influence the length scales of parallel
variations of the density and temperature L"” and LT” and the strength of particle and energy parallel
losses. We can further expect that this ballooning effect plays a role in determining the parallel loss
terms especially in a time-dependent case, when the flux tube is fueled at the outboard midplane

by intermittent turbulent transport.

4. TRANSIENT PARALLEL TRANSPORT

Plasma turbulence in the edge/SOL regions of a tokamak is locally manifested as strong fluctuations
of the density, temperature, potential and other plasma parameters (see e.g. ESEL output in Fig.5).
Turbulent structures, which are seen as blobs at the outboard midplane, tend to form filaments along
the magnetic field due to rapid parallel transport. Consistently, the ESEL model assumes L=L.
Two-dimensional multifluid edge/SOL transport codes such as SOLPS or EDGE2D [20]-[23] do
not take into account these plasma fluctuations and are typically run in steady-state fashion using
average values of physical quantities. In the following, time-dependent simulations are presented
where we focus on the SOL plasma dynamics and investigate the way particles and energy of
transient blobs passing across the flux tube are carried to the targets and how L changes in the
transient case. The effect of plasma fluctuations on calculation of parallel transport parameters has

been further investigated in [24].

4.1. SIMULATION FOR TCV PARAMETERS

4.1.1. Input data and initial steady state

The simulation in section 4.1 is a reference case of the paper. We again use parameters of the TCV
tokamak with the connection length L= 15m and parallel profiles of cross-field sources of plasma
and energy are prescribed as Gaussian functions localized at the midplane (symmetric situation
is considered) with the poloidal angle approximately +30°. This value was chosen according to
experimental observations reported in [19]. ESEL provides fluctuations of the density and temperature
in time at each point of the ESEL domain. Figure 5 shows the ESEL output at the selected radial
position p = 0.2. The average plasma density and electron temperature at this position are (n;) =
1.5%10""m™ and (T,) = 12.8eV. Corresponding cross-field sources S gy and SEEXT required as the

input for SOLF1D were evaluated from the equations
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and parallel damping terms SHn and S”E were calculated according to the approximative model
of parallel transport in ESEL, which makes a certain inconsistency with the SOLF1D code. The
obtained values Syt and "y are radial sources at the outboard midplane, the interface of the
two codes, which is modelled as the central upstream location in SOLF1D.

Sources averaged over the whole investigated time interval were used for obtaining a steady-
state solution (Fig.6) and profiles of plasma parameters in the steady state were used as the initial
condition that is required at the beginning of the calculation. Figure 7 shows individual contributions
of all calculated terms to the total parallel losses SH" and S”T. In a steady state, the sum of these
terms should balance exactly the corresponding cross-field sources S” gyt and STEXT. We can see that
collision terms are negligible at the midplane, particles are convected (green), while the conduction

(blue) dominates the heat transport.

4.1.2. Transient burst and its dynamics

At first, only one transient event has been analyzed. The sources of particles and energy to the
flux tube from a passing blob are simplified as a step (rectangular) function in time with a realistic
duration and intensity according to the ESEL output. The transient burst appears at t = 0.03ms with
the duration 1pus. In Figure 8, we can see parallel profiles of the plasma density, velocity and electron
temperature at three selected moments: t = 0.025ms (the steady state), t = 0.031ms (the maximum
density and temperature) and t = 0.075ms. The upstream density and temperature jump up rapidly
as the sources localized at the midplane are raised and a response at the targets is observed later.
It appears that the temperature tends to flatten out faster than the density (see the red curve) as the
power is quickly transported to the targets by the heat diffusion. Particles propagate to the targets as
two density peaks by convection (see the green curve) and we can notice that the plasma velocity
increases compared to the steady-state value. Plasma flow is driven by local parallel gradients
represented by a pressure peak arising from the transient perturbation, while in the initial steady
state, plasma flow is nearly stagnant in the most of the SOL in such high-recycling regime as
the investigated case, which was discussed in the previous section (Fig.2). The velocity of the
perturbation transit along the SOL (calculated as the velocity at the actual position of the particle
peak and normalized by the local ion sound speed) is shown in Fig. 8. We observe subsonic transport
and slowing down close to the target due to plasma-neutral friction. A slow relaxation back to the
steady-state solution follows.

Temporal characteristics of the parallel transport reveal two distinct time scales. Figure 9 shows the

time evolution of the plasma density. Before particles of the burst hit the target (the main maximum



at t=0.17ms corresponding to the convection temporal scale), a noticeable maximum of the density
appears at the boundary after much shorter time interval. This increase of the density at t =0.07ms
is a consequence of stronger ionization of recycling neutrals due to the increasing temperature. This
happens on the time scale that corresponds to the heat conduction. In Fig.9 on the right, an echo
effect is visible as some plasma propagates back to the SOL from the boundary region. Two time
scales can be also deduced from Fig.10 where we plot target parameters during the transient. Note
that Fig.10 displays values precisely at the target (boundary conditions), while in Fig.9, the density

maximum in the boundary region is in the ionization zone in front of the target.

4.1.3. Parallel losses and comparison with a simple model
A detailed view in Fig.11 shows the parallel density and energy losses and contributions of the
conduction and convection to the power transport. The strength of parallel losses of particles and

energy can be described by parallel loss times T, and T or T, defined by the relations
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and they take into account the collision terms S" SECOH and STCOU. The resulting parallel particle
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density loss time T, and the electron cooling time T, are plotted in Fig.12 as functions of time.
Their values are compared with the ESEL model defined by the equations (10) and (11). We can
conclude that ESEL underestimates the parallel losses in the analyzed transient case. Further, Fig.12
shows the total parallel density and temperature losses S"” and STH as functions of the density and
temperature and we can see that the assumption of constant parallel loss times which was used in
several ESEL runs (and which means that S"” scales linearly with the density and ST” is proportional
to the temperature) is a crude approximation in the transient case. The behaviour is more complex
and we can hardly parametrize S”H and ST” as functions of the local density and temperature. Note
that S"” in Fig.12 goes anti-clockwise in time, while STH goes clockwise, because ST” reaches the
maximum before the maximum temperature (as the heat is instantly carried to the target by the
fast diffusive process). From the illustrations above (Fig. 8, 9 and 11), we can conclude that the
assumption Ly = L. is more relevant for the temperature (heat diffusion time scale) than for the

particle transport (convection time scale). This can help to explain why good agreement between the



ESEL simulation and experiment for the JET low-collision Ohmic plasma in [9] has been achieved
for the temperature radial profile, while the length scale of density variations should be shorter to

see a match with experiment for the density.

4.2. Simulation with broader cross-field source

It can be seen, that while in the steady-state scan in the previous section, parallel loss times calculated
by the fluid code were longer than characteristic times calculated in ESEL, it is the other way round
in Fig.12 at the initial steady state. This trend is caused by peaked parallel profiles of radial sources,
taking into account the ballooning character of radial transport. To see the importance of source
distribution in the parallel direction in the transient case, we present results (Fig.13) for a source in
the form of a Gaussian function which extends down to the targets, a half way between the strongly
localized source and the uniform one. It is perhaps obvious that parallel gradient length scales Lk
are not as sharp as in the previous case. Shortly, pressure peaks transferred from the stagnation
point to the targets are not so pronounced, parallel Mach number is smaller on the average, the
intensity of parallel losses S"” and § TH is smaller too and the comparison with ESEL does not display
so dramatic difference. We can again see a substantial reflection (Fig.14).

In sections 4.1 and 4.2, parallel transport of a blob passing across the flux tube has been analyzed
for a simple case when cross-field sources of particles and energy are prescribed as a step function
in time. The large turbulent transport seems to be the main source of plasma in the flux tube and
processes at the targets (the recycling and ionization representing a source for plasma) become less
relevant than in the steadystate analysis. Therefore the form of the cross-field sources is important
and the spatial scales of density and temperature variations Lk depend on the parallel profile of these
sources and the intensity of their fluctuations. The parallel damping of the density and temperature
is stronger for a source localized in a narrow region close to the midplane than for a source that is
broader in the parallel direction, as it is shown in Fig.12 and 13. We do not have, however, precise
knowledge of the source distribution for the investigated case and it is also difficult to estimate how
the parallel profiles of the sources change radially across the SOL. We therefore follow a rough

estimate based on experimental results in [19] for the Tore Supra limiter tokamak.

4.3. SIMULATION WITHOUT NEUTRALS

The following figures show results for the same case as above in section 4.1 (Fig.6—12) obtained
for a run without neutrals (no ionization within the SOL is present and only cross-field transport
is the source of plasma). Without the effect of plasma-neutral interactions, we do not observe two
distinct temporal scales and the convection time scale is shorter compared to the previous case as
there is no neutral drag (the transient burst at the midplane initiated at t = 0.03s is followed by the
maximum target density at t = 0.09s). We observe a supersonic front moving toward the targets
(Fig.15) instead of two pronounced density peaks. The heat transport is almost equally shared by the

conduction and convection in the initial steady state (Fig.16). Total parallel losses of plasma and
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energy calculated at the midplane depends, however, on the source of plasma here, and it appears
that they are again stronger than in the ESEL model and the amplitude of Sn” and SEH (SE” in Fig.16)

is approximately the same as in the run with neutrals (Fig. 11).

4.4. SIMULATION WITH ASYMMETRIC CROSS-FIELD SOURCE
Cross-field sources are prescribed with Gaussian distribution along the field line and localized at the
midplane which was represented by the centre of the computational domain, i.e. symmetric situation
was considered in the previous sections. However, an asymmetry could be included by moving the
particle and power sources (section 4.4), adding a parallel momentum to incoming particles (section
4.5) or a dependence on the toroidal magnetic field (not discussed here).

In figure 17 (steady-state profiles), the asymmetry is induced by shifting the source (midplane)
towards one of the targets. While the right target is attached (temperature above 5e¢V), a detachment
occurs at the left target as a result of the dependence of the parallel SOL collisionality on the
connection length, see the equation (14). If a transient appears, the asymmetry is associated with
later arrival of particles and higher density in front of one of the targets (Fig.18), while the velocities
of particles propagating in both directions are equal. The fraction of particle and energy fluxes
integrated over the simulated interval 0.5ms on the target which is closer to the source is 84% (for
the heat flux) and 61% (for the particle flux).

Figure 19 gives detailed description of particle and energy fluxes arriving at both targets. We
can see that the asymmetry is much more pronounced in energy than in the particle flux and results
in much higher energy flux to the more exposed target than in the symmetric case. The asymmetry
in time caused by different parallel distances is approximately 0.26ms. It is worth noticing that in
the dashed profiles of the density or particle flux, we do not observe the initial peak as at the more

exposed target or in Fig.10. The structure is dispersed in the parallel direction.

4.5. SIMULATION WITH PARALLEL MOMENTUM SOURCE

The following case is a simulation with symmetric computational domain and particle and energy
sources. The asymmetry occurs due to additional parallel momentum carried by incoming particles
(a turbulent blob moving in parallel direction). We assume that particles at the midplane have a non
zero parallel velocity prescribed toM = 0.5 (typical maximum value we could expect in the SOL).
The steady-state solution in Fig.20 does not display a strong asymmetry (again its the ionization of
recycled neutrals at the targets which is the main source of plasma and determines the steady-state
solution in comparison to less important cross-field sources concentrated around the midplane).
Snapshots in Fig. 21 show clearly the momentum source (see the red positive peak of the plasma
velocity in the centre associated with the incoming transient burst). Particles propagate to both
directions with different velocities, the advection to the right target is stronger and we observe
higher density peak (see the green peaks of the density). Fig.22 shows the plasma density along the

flux tube in time. The fraction of particle and energy fluxes integrated over the simulated interval
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on the preferential target is 58% (for the heat flux) and 54% (for the particle flux).

Fluxes at the targets are plotted in Fig.23. A comparison with previous results in sections 4.1 and
4.4 shows differences between two asymmetric cases, one induced by different parallel distances
on both side, the second by initial convective parallel velocity to one target. The time shift of fluxes
between both targets in Fig.23 is not significant (time scales are determined by the collisionality
regime of the SOL) and the level of asymmetry of peak fluxes is comparable for particles and energy.
Table 1 summarizes particles and energy loads on the targets for three simulated cases, case 1 — the
reference symmetric case (section 4.1), case 2 — the turbulent blob entering the domain closer to

one of the targets (section 4.4) and case 3 — the moving blob (section 4.5).

4.6. PARALLEL TRANSPORT OF TURBULENT STRUCTURES FOR JET PARAMETERS
Before introducing a new parallel model in the ESEL code, it is useful to investigate the response
of SOLF1D to a fluctuating source prescribed by the cross-field turbulent dynamics as modelled
in ESEL. If we directly use values of S"gyt and SEEXT from Fig.5 that were calculated from ESEL
using the approximative model for the parallel terms, we encounter certain problems, namely we can
not avoid negative values of the density and temperature due to the fact that the parallel damping in
SOLFID is stronger than in ESEL, which was demonstrated in the previous section. To overcome
this inconsistency, we have adapted the code to fluctuations of the density and temperature by
using n, and 7, at the midplane as the input instead of S"gyr and SEEXT and the sources are adjusted
to obtain the desired density and temperature. In this setup, we can calculate the response to
fluctuations in fully time-dependent way and study the effect of turbulent dynamics on the parallel
transport. Fig.24 and 25 show results of such time-dependent run. We used ESEL data for the JET
run in [9] (ng,,= 1 X 10" m™, T,,=40eV, L =25m). The density and temperature at the midplane
in SOLF1D copy the ESEL values and the initial condition was obtained as a steady-state for the
average density and temperature.

In figure 24, parallel losses in SOLF1D are compared with losses which ESEL would calculate.
Results of SOLF1D again show the complexity of the parallel transport compared to the simple
predictions (10) and (11) and point out that the parallel damping in the form of loss terms (10)
and (11) is not accurate enough. Loss terms are linked with three-dimensional dynamics which
excludes their parametrization using the simple (OD) model. The intensity of the parallel losses
is stronger and negative values appear as well. We can see that the difference between ESEL and
SOLFI1D is more significant for the parallel density loss time T, than for the electron cooling time
Tr. Let us mention that, while certain success has been achieved in simulating TCV plasma when
constant parallel loss times were considered [7], the simulation of the JET SOL in [9, 25] based
on loss factors (10) and (11) (the result is shown in Fig.24 on the right) indicate that the parallel
transport model in ESEL assuming free streaming with ion sound speed is insufficient. Clearly, the
parallel damping of the density should be stronger to match the experimental profile and, based on

the presented results, better agreement with experiment is anticipated after improving the ESEL
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model or coupling ESEL and SOLF1D. It is worth mentioning that beside the radial density profile,
which is broader in simulation than in experiment, ESEL predicts higher temperature fluctuation
level compared with the measured one.

Note that negative values of the loss terms S”H and ST” are omitted in the ESEL parallel model
(the loss terms scale with the density and temperature), but they are in principle possible (Fig.24).
The transit of a blob across the flux tube in terms of cross-field sources can be illustrated as a sharp
source of plasma followed by a negative tail when the blob is leaving the flux tube. The opposite
parallel gradients of the density and temperature may occur at the midplane and the plasma and
the heat from the SOL tend to refill the remaining hole. Stronger negative peaks are observed for
the electron cooling term S T”, again due to the diffusive character of the heat transport. Also in the
previous section, we could find negative Sn” at the midplane when a fraction of plasma from the
ionization zones appeared back at the midplane (the reflection in Fig.9 and 14). These effects are
missing in ESEL.

Figure 25 shows fluctuating density and temperature at the midplane (the ESEL result and the
input for SOLF1D) and the corresponding response at the target. SOLF1D provides a tool for
investigating the difference between steady-state description of parallel transport and time-dependent
description taking into account plasma fluctuations. The simulation indicate that the time average
values of plasma parameters along the SOL differ from the initial stationary state which was obtained
for a constant midplane density and temperature calculated as the average over the investigated
time interval. This is due to the fact that parallel transport parameters as transport coefficients and
collision rates are in general nonlinear functions of the density and temperature. It is the subject of a
separate paper [24] where longer time series of ESEL output are used to obtain reasonable statistics.
In [24], parallel transport parameters which are important in the SOL dynamics are compared in a
steady state and timedependent case and the impact of fluctuations is estimated with regards to the

steadystate description widely used in the present-day edge fluid codes such as SOLPS or

CONCLUSIONS
Plasma transport in the SOL between targets has been studied by means of the onedimensional
fluid code SOLF1D with the aims to provide insight into parallel SOL dynamics and to carry out
analysis leading to improved calculation of losses of plasma and heat along the magnetic field in the
turbulence code ESEL. The parallel transport in ESEL appears in the form of loss terms. A comparison
of these terms with SOLF1D solutions has been done both for a steady-state SOL (following the
assumption of the parallel transport model in ESEL and for the purpose to test the approximative
model itself under different collisionality regimes) and a turbulent SOL (time-dependent modelling
of parallel transport processes taking into account fluctuations which we observe as a consequence
of edge turbulence).

It was shown that in steady state, the tokamak operational regime and its collisionality (we

distinguish between the simple and complex SOL) determine the stationary solution along the SOL
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and that the processes at the target of neutral recycling and ionization are important factors for
constituting gradients of plasma parameters in the parallel direction, which drives plasma transport
along the SOL and determines the strength of parallel losses.

Further, we focused on a transient situation and we simulated a blob event and its parallel damping.
We have found two distinct time scales of transport processes, corresponding to electron thermal
and ion sound speed. It can be deduced from the results that for a precise calculation of the parallel
loss terms, dynamics should not be neglected and a steady-state description is not adequate. The
ESEL model based on (10) and (11) underestimates parallel losses, especially for particles, and
using SOLF1D to replace the simple approximations in ESEL would improve the ESEL physics.
The presented results are also promising in the sense of a comparison of ESEL with experiments.

The key parameters responsible for establishing the parallel gradient scale L are radial sources
of particles and energy from the outboard midplane, displaying large fluctuations due to turbulence,
and their temporal and spatial distribution. Parallel Mach number increases compared to steady-
state values and the processes at the target of recycling and ionization are not as relevant as in the
steady-state description of the SOL. Further, we have found evidence that the convection-based
transport of particles establishes Ln” that is distinct from LTH for the temperature driven by the
diffusiondominated transport and we remark that the simple ESEL model uses L = L, both for the
density and temperature.

Additional effects have been analyzed in the transient case, (1) the effect of neutrals on the parallel
time scale and parallel Mach number, (i) the effect of asymmetry imposed by a cross-field source
which is closer to one of the targets (justified by observed preferential outflow at the outboard side
due to ballooning), (iil) asymmetry assuming a certain initial parallel momentum of particles in

this source (initial rotation of plasma).
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Case 1l Case?2 Case3

r;ieg;ll: / Fi?i;k 1.00  2.14 1.84
Ml /i 100 156 107
QU /Q ek 100 855 248
Qelera /Q g 100 525 133
QU jQ et 100 1200  2.99
Qe Qe 100 525 144

Table 1: Fractions of particle flux I = I'; = T',, electron heat flux Q, and ion heat flux Q; to the targets for three
investigated cases (case 1 — symmetric case, case 2 — blob closer to the right target, case 3 — blob moving towards
the right target). Two numbers for each flux are the ratio of the peak value at the right and left target and the ratio of
time-integrated flux to the right and left target.

15



1071F

* 0D model
% SOLF1D
L Run 4
Ny
o
10 %
** .
O L ***%sﬂe*
[=4 *
sl FRRRER RS %% % 50
1073
F+——Run 1 g
1074 \ \ §
0 50 100 150
VE~n/TS?

10~
10 R EET
00 *xx%
xx%%%*
W Ly ek
M %i* e
Z joafy* +F
< *
*
*
1075
* SOLF1
* SOLF1D conduction |,
SOLF1D convection |§
* 0D model s
1076 ‘ ‘ iy
0 50 100 150
VE~Nn/Tg2
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Figure 7: The total parallel particle, temperature and energy losses SH" , SHTand S”E and contributions of all individual
terms in the steady-state solution.

Plasma density midplane Mach number
5 1 1.5 -
— Uup/c, transient
--- u;/cg steady state
47
= 1.0
£ 3
‘b 2
= 2-
c 0.5
1 =
1
0 ‘ ol-====- L-———- 1-—==- !
0 0.02 0 5 10 15
X (m)
5Plasma density 1.0Plasma velocity 50 Electron temperature
;"‘I I/l \‘\
T i 0.5~ 40 A
- ] = \
e 3 X o S a0 [
2 i mE o Y s © / \
o N P! S = 7 ~ ! \
= 2 . i = = / \
< }\\ |; || /I’} 5 207 /’,/ \\\\
. [ -0.5 e N g
1 S s e 10*,’ W lg
1 | ! Vg
0 \ \ \ -1.0 \ ! \ 0 \ ! L |8
-10 0 10 -10 0 10 -10 0 10
x (m) x (m) x (m)

Figure 8: Parallel profiles of the plasma density n;, the plasma velocity u; and the electron temperature T, at three selected
moments (bottom) and the parallel velocity (top right) of the density peak u, (see the green peaks of the density) at each
passed parallel position x calculated as the plasma velocity u; at t,, . when the density at x reaches the maximum. The ion
sound speed c, is calculated at each position x at t,,,.. The parallel Mach number is compared to the steady-state value.

19


http://figures.jet.efda.org/JG10.392-8c.eps
http://figures.jet.efda.org/JG10.392-7c.eps

10,

N =
O JG10.392-9b

-10

JG10.392-9a

-15 o—
0.10 0.20 0.30 0.40
Time (ms)

x (m)

Figure 9. The plasma density n; (1 0" m™ ) during a transient event and propagation of particles to the targets.

1 4N target 20 T target e target 50 target

~12r 15 & 5 <S4

T . = *

£ 1.0+ S = 4 =3

- () T I

o - 10 'U) %)

Z 0.8 = 83 22

< 5 £ = 8
0.6 Co2 O 1 g
0.4 | \ \ 0 | | \ \ 1 | \ 0 | \ | | E

0 0.1 02 03 04 0 0.1 02 03 04 0 0.1 02 03 04 0 0.1 02 03 04
Time (ms) Time (ms) Time (ms) Time (ms)

Figure 10: Plasma density, temperature, particle flux and energy flux at the target during a transient burst.

S| midplane SHE midplane
25 s 14 —_ oE
i total Stotal
''''' d(n;u;)/dx o= d/dx(5/2 nkTgug)
2= dge/dx
2.0
10~
<]
& =
S 15- A
< T
P R’
y g 7
E 10- 3
) g
27
0.5
g 0 2
0)2 | | | 3 -2k | | | | g
0 0.02 0.04 0.06 0.08 0.10 0 0.02 0.04 0.06 0.08 0.10
Time (s) Time (s)

Figure 11: The total parallel density and energy losses S"” and S* I and conduction and convection contributions to the
energy transport for a blob which occurred at the midplane.

20



http://figures.jet.efda.org/JG10.392-11a.eps
http://figures.jet.efda.org/JG10.392-11b.eps
http://figures.jet.efda.org/JG10.392-10c.eps
http://figures.jet.efda.org/JG10.392-9b.eps
http://figures.jet.efda.org/JG10.392-9a.eps

—SOLF1D
—oD [
19-3— 0D mode 25
: N
[ © 2.0
® { Z14- \
— 1077 [
e : o 1.0
I gE;o.sf
| @ -
_5| . T
1075 0.05 o010 % 2 4 6
Time (ms) n;(1019 m-3)
10738 5
10_4; —— | g 4 —»\\
E = !
T o /\ z 5 ‘
— 107> T
- b/ )
106 s
» 1 2
1077 ! I — 2
0 0.05 0.10 0 20 30 40 50
Time (ms) Te(eV)

Figure 12: The parallel particle density loss time n and the electron cooling time v, (left) and the total parallel losses
n T . . . .
S| and S| as functions of the density ni and temperature T, (right).

3 1072 4
g &~
2 S 3
X o %
' @ 5-3 T
‘T’; P»—10 z?‘” 2
E | £
g = 1
% 7]
0 | | | 104 0 | |
-10 0 10 0 0.1 0.2 0 2 4 6
X (m) Time (ms) n; (10°m=3)
1.5 - 1073,
— Uy /c, transient —— SOLF1D 15
----- u;/c steady state — 0D model .
‘S
1.0 > 10—
s @ 10—4, Tw
!-"_ >
0.5 9: 5
OlLleemm T L 1: \ 0 \ g
0 5 10 15 0 0.1 0.2 20 40 60
x (M) Time (ms) T, (eV)

Figure 13. The density source S"pyy, the parallel Mach number M of the perturbation transit, the parallel loss times
T, Ty and the total parallel losses S”", S”T.

21


http://figures.jet.efda.org/JG10.392-13c.eps
http://figures.jet.efda.org/JG10.392-12c.eps

n midplane ", midplane

6

n; (10195-9)

JG10.392-14b

| | | | - [ | |
0 01 02 03 04 20 0.1 02 03 04
Time (ms) Time (ms)

Figure 14: The plasma density ni and the parallel loss term of the density SH". at the midplane.

1Plasma density Plasma velocity Electron temperature N
" ) goE\ectron temperature 5 Mach s |
up/Cs transient
4 77 U; /Cs steady state
: :':\ 50~
S . _ i
: S L 40- <
o N w
= S : i
< = 7 |
30 S IV §
-4 | | L P27 M Mtteleled inlstelat B N | | :
-0 0 10 0 0 10 IS
x (m) x (m) )

Figure 15: Parallel profiles of the plasma density n;, the plasma velocity ui and the electron temperature T, at t = 0.025ms
(vellow), t = 0.031ms (red), t = 0.06ms (green) and t = 0.075ms (blue). The velocity of propagation of the supersonic
Jfront u, (right) normalized by the local ion sound speed c, and compared to the parallel Mach number in steady state.

SF steady state S,E midplane
0 10 £
— SHtotal — Shtotal
=== d/dx(5/2 n.KT.ug) === d/dx(5/2 n,kT.u,)
: dqg,/dx ---- dqg/dx
8- —U,d(nKT,)/dx 8-
3menek/mre(Te_Ti)
Collisional
& 6 < 6
o o
x 3
& &
o4 o4
£ £
o (e
=3 =3
@ oF v o
o+ = OF
oL | \ \ \ \ \ L5 -2 \ \ | \ g
-15 -10 -5 0 5 10 15 0 0.02 0.04 0.06 0.08 0.10
x (m) Time (ms)

Figure 16: The total energy losses SH" and conduction (blue) and convection (green) contributions in a steady state
(left) and during a transient event (right) when interactions with neutrals are absent.

22



http://figures.jet.efda.org/JG10.392-16a.eps
http://figures.jet.efda.org/JG10.392-16b.eps
http://figures.jet.efda.org/JG10.392-15c.eps
http://figures.jet.efda.org/JG10.392-14a.eps
http://figures.jet.efda.org/JG10.392-14b.eps

. . S, E
4Plasma density 0. 6Plasma velocity g OEXT
§
3 0.4 o
a A x 7
£ 2 -
R £ o2 K
= = S
IS 3 = 1=
=
1H -0.2+ n]
n
0 | | I -0.4 | | I 0 ! |
-10 0 10 -10 0 10 -10 0 10
X (m) X (m) X (m)
. S, E
40T(-:‘mperature 15Neutral density 10 EXT
- T —~
- T I.DO
30 ° T8
20N & 10H &
— /’ \\\ G)E w 6
3 20¢ \ ° e
~ = 2
° = 4-
c 5H 5
o 2
0 \ l \ J 0 \ l g
-10 0 10 -10 0 10
X (m) x (m)
Figure 17: Steady-state parallel profiles of plasma parameters and cross-field sources.
15
6
10 5
5
4
E o
x -3
L JG10.392-18p
-5
> -20
| 10
-10 -
81 (P £
8 E
-15 g <
0.10 0.20 0.30 0.40 0.3
Time (ms) Time (ms)

Figure 18:The plasma density n; (1 0" m™ ) during a transient event. The asymmetry is induced by prescribed particle
and energy sources appearing closer to one target.

23


http://figures.jet.efda.org/JG10.392-18a.eps
http://figures.jet.efda.org/JG10.392-18b.eps
http://figures.jet.efda.org/JG10.392-17c.eps

n target 40T target gL target 15Q target

1.2

& = 0510

: =

£ < x X

-3 3 = %

Aol = « o

= € < 5 o

= O G 8
0.2 L OF==*T°"71 T o i H N 0 &
0 0.1 02 03 04 0 0102 03 04 0 01 02 03 04 0 0.1 02 03 04

Time (ms) Time (ms) Time (ms) Time (ms)

Figure 19: Plasma density, temperature, particle flux and energy flux at the left (dashed line) and right (solid line)
target during a transient burst.
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Figure 20: Steady-state parallel profiles of plasma parameters and cross-field sources.
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Figure 21. Parallel profiles of the plasma density ni, the plasma velocity ui and the electron temperature T, at t =
0.025ms (yellow), t = 0.031ms (red) and t = 0.075ms (green).
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Figure 22: The plasma density n; (1 0"m™ ) during a transient event. The asymmetry is induced by additional parallel

momentum source.
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Figure 23: Plasma density, temperature, particle flux and energy flux at the left (dashed line) and right (solid line)
target during a transient burst.
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Figure 24: The parallel particle density loss time T, the electron cooling time tr, the total parallel losses SH" and S”T
as functions of the density ni and temperature Te. On the right (reprinted from [9]), radial profiles for an Ohmic JET
discharge calculated in ESEL, a comparison of simulation (solid line) and experiment.
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Figure 25: Temporal profiles of the plasma density n; and temperature T, and T; at the midplane and target.
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