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Abstract

The nonlinear fluid simulation of the isolated plasma blob propagation and interchange turbulence in

the scrape-off layer are demonstrated using 2-dimensional Hasegawa-Wakatani equation. In the propagation
process of the isolated blob, density nonlinear term in the model equation has the strong effect on the
dynamics of blob propagation. Interchange turbulence in the scrape-off layer is reproduced by the collapse
and spread of the plasma blob which is formed by the Rayleigh-Taylor finger detached at the separatrix.
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1. Introduction

The turbulent transport of a Tokamak edge plasma
has been investigated by many researchers’). Recent
experimental results show that the transport in this re-
gion, rather than being dominated by diffusive process,
is mostly convective and intermittent!). The region
where the density profile is deviated from the exponen-
tial profile predicted by the diffusion process is known
as 2nd SOL (see Fig. 1).
separatrix and enter the scrape-off layer (SOL) with its

Particles which cross the

open field lines are normally expected to follow the field
lines to the divertor chamber. However, if the radial
convection rate is fast enough, as it is to experimen-
tally observed, particles can recycle at the main cham-
ber wall instead, reducing the divertor efficiency. Rapid
convective transport of the SOL plasma to the main
chamber wall possibly contributes to increased impurity
level and to observed density limit. The most abun-
dant experimental indication of the rapid radial convec-
tive transport are from measurement of magnetic-field-
aligned plasma filaments, referred to as “blobs”, in the
soL3), Thus, the research on the blob transport is
a crucial issue for the development of a thermonuclear
fusion reactor, like International Thermonuclear Exper-
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Fig. 1 Typical experimental plasma density pro-
file in Alcator C-Mod. The blue dotted
line is the normal exponential decay diffu-
sion. (Ref. 2))

imental Reactor (ITER).

The plasma blob transport is explained based on the
formation and propagation of long-lived macroscopic co-
herent structures. So far, there does not appear to be
a generally accepted mechanism of a blob formation,
however, the clear picture of their dynamics and stabil-
ity is drawn in a recent theoretical and computational

studies® ™). The self-consistent treatment of the blob
transport including their formation process is still open
issuel®15)

In this thesis, we develop 2D simulation codes to ana-
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lyze the SOL interchange turbulence and the blob trans-
port using Hasegawa-Wakatani model equationslg). We
extend the 2D Hasegawa-Wakatani model which de-
scribes the blob dynamics in the SOLS), such that it
includes a density nonlinearity in the continuity equa-
tion and compare the simulation results with those’of
that.

The thesis is organized as follows: In Chapter 2, the
background of blob transport in the SOL is reviewed,
in Chapter3, model equations, numerical schemes and
boundary conditions are explained and simulation re-
sults of the blob transport are shown. Then, effect of
the density nonlinearity is discussed. In Chapter 4, non-
linear simulations of the SOL interchange turbulence
are performed. The blob formation and its transport
is investigated self-consistently. The summary and the

discussion are given in Chapter 5.

2. Review

2.1 Radial Density Distribution in SOL

In this section, the radial density distribution in the
SOL is explained from the view point of the particle
balance. Fig. 2 shows the schematic diagram of the
plasma flow from the confined plasma into the SOL. In

Divertor
Plate

Confined Plasma

Separatrix

Scrape-off Layer

2Lc

Fig. 2 Schematic diagram of the plasma flow
from the confined plasma into the SOL by
cross-field diffusion and along the field in
the SOL to the divertor target.

the steady state, if there are no sources or skins (such
as lonization) in the scrape-off layer, the loss along the
field line from any given flux tube is balanced by the net
flow across the field line into the flux tube:

d dn nes
—— — —— 1
dr [ + dr} L. )
where D, is the cross-field diffusion coefficient, ¢; =
v/Te/m; is the ion acoustic speed and L. is the connec-
tion length along the flux tube to the flow stagnation
point. With the assumption that D, and ¢s are inde-

pendent of radius, Eq. (1) is easily integrated to obtain

n(r) = n (o) exp [—” © “} @)
with 2

where a is the minor radius at the separatrix, and A,
is the electron density e-folding length, Eq. (3) shows
that the radial density profile in the SOL plasma expo-
nentially decays.

Similarly, a temperature profile is evaluated using the

electron heat balance as:

T. () = T. (o) exp {—’" - } ()
AT
with 5 5 N
An O XiAn
=52 T Do (%)

where A7 is the electron temperature e-folding length,
and x_ is the cross-field thermal diffusivity. Equations
(2) and (4) give a radial distribution of n. and Te.

Equations (3) and (5) give the e-folding lengths in the
scrape-off layer in terms of the cross-field transport co-
efficients. Experimentally, the measured values of A,
and Ar are used to deduce D, and y .. Typical values
are A ~ 10mm. If there are no sources in the scrape-off
layer, this measurement together with the assumption
that T, = T;, gives the estimation of ¢ and D). This
is typically D, ~ Im?®sec™!. Experimental results show
that D, is inversely proportional to density. However,
since density and temperature changes in the boundary
region are correlated, this behaviour can also be inter-
preted as a temperature dependence of D, . Absolute
values of D comparable with the Bohm diffusion coeffi-
cient, Dg = T/16eB, are frequently obtained, although
the scaling with T, and B does not agree. If either par-
ticle or energy sources are present in the SOL then the
calculation of transport coefficients is much more diffi-
cult.

It is possible to make rough estimates of the expected
values of the density and temperature at the last closed
flux surface (LCFS) by using global particle and en-
ergy balances. The integrated particle flux to the lim-
iter must by equal to the total flux diffusing out from
the confined plasma. A particle confinement time, 7,
can be defined as AV

L= ;p— (6)
where T',, is the total particle outflux, 7 is the average
plasma density and V' the plasma volume.

Using Eq. (2) the total flux to a single poloidal limiter
is given by

e r—a
I'y = 47ra/ n (a) exp {—/\—] csdr. (7
a

.
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Carrying out the integration in Eq. (7) and equating
T, to T'L, the edge density is given by

n)="2_1 ()

_T—p— dmadncs
To estimate an upper bound of the edge temperature
T. (a), all the power is assumed to be lost by particle
flow across the sheath, without radiation. Such a cal-
culation is only valid for limiter Tokamaks, The case
of divertors is more complicated because much of the
recycling takes place in the SOL near the target plates.

2.2 Blob Model

In this section, the blob model is briefly explained.
The theoretical model for the plasma blob propagation
is recently proposed by Krasheninnikov'®). The basic
mechanism behind the rapid convection appears to be
the following: In general, any macroscopic clump of par-
ticles in a toroidal plasma would tend to be polarized
due to species-dependent processes such as the VB and
curvature drifts. In the core plasma with its closed
flux surfaces, this charge separation is short-circuited
by free-streaming electrons. In the SOL, however, a fi-
nite potential can be supported on the open fields due
to sheath formation and its resistivity at the end points.
A poloidal electric field thus formed, coupled with the
toroidal magnetic field, then leads to a rapid E x B drift
of the blob.

plasma blob

- T

Fig. 3 VB plasma polarization and associated
E x B drift result in outward motion of
plasma blob in Tokamak far scrape off
layer. (Ref. 1))

For simplicity, we assume that the SOL ion and elec-
tron temperature, 7', is constant, and ignore the flow
and the resistivity along the magnetic field lines. The
electric current is described by

V-jL+V-j=0, (9)

where j, = (B x VP) /B? and j are the current densi-
ties perpendicular and parallel to the magnetic field line,

respectively, P = nT is the plasma pressure and n is the
plasma density. In Eq. (9), V - jL can be calculated as
follows:

B x VP
B2

=V<§12—)-(BXVP)+(%>B-W

—(—Bl—Z)VP~(VXB),

v.ij.(

(10)

where the second term becomes zero. We assume VP -
(V xB) =~ 0, then the third term can be neglected.

Hence,

vy (BE¥l)a T

T %’—EVInB'(BXVn).
(11)
Integrating Eq. (9) along the magnetic field line gives

/dl %VlnB -(BxVn)= /le il = 27 |sarget-
(12)
Here, j|||target is the current density at the end of the
blob connected to the sheath. The coefficient of 2 means
the blob is connect to the sheath at each end and we
assume that the current density is equal at each end.
We can estimate jj|target by approximating the sheath
resistivity Rgsheath as

Vi arl

I sat

Rsheath = (13)

enrtcs’

where V; is the floating potential, Isa¢ is the ion satu-
ration current in the sheath. nr is the plasma density
close to the wall, ¢; = \/m is the ion acoustic speed,
and a = (1/2) In[47m./m;] ~ 1. Thus, jj|target accom-
panied with the electrostatic potential at the blob end
¢ which is caused by the V B drift is estimated as

. [
i lsarget = enres (qu) . (14)

From equation (12), we get

©_ _p

where p; = m;vy /(eB) is the ion sound Larmor radius
and vy = /T/m; is the jon thermal velocity. The mag-
netic curvature is evaluated by VIn B = X/R, where R
is the major radius, x and y are the coordinates along
radial and poloidal direction, respectively, and x is the
unit vector in the radial direction. We assume that the
blob density is uniform along the magnetic field lines,
and that the current density perpendicular to the field
lines is uniform. Considering a plasma blob of density
np, with parallel length li,, we obtain

ep lops Onyp
—_—= —————_—, 16
T ~ 2Rnr Oy (16)
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Approximating Ony,/0y =~ ny/8, Ey =~ ¢/d, where 6
is the poloidal scale length of the blob, then we get the
rough estimation of the blob radial propagation velocity

Ve as

N2
wee(B)h
This equation indicates that a smaller blob has larger
convective velocity. The stability of blobs should taken
into account in blob transport since instability breaks
blobs into pieces so that blob has a larger velocity than
the original one. As a result, the first-wall might suffer
from more radiation damages.

Even though the separable solution is just an example,
it gives an estimate for the radial velocity of the blobs
and provides an estimate of the radial distance, A, that
the blob can travel during its life time, 7, & I, /cs, before
terminating due to parallel plasma transport. Taking,
as an estimate, [, ~ ¢R, where ¢ is the safety factor,
from Eq. (17) we find

A 20 Vo B (%)2%% (18)

Analysis of the radial motion of isolated blobs makes
sense only when A, > 4, which gives

Iy p; 2 1/3
5<amax=R{(;’%’; )Z—;} : (19)

Using number of plasma particles in a blob Ny, = nplp62,

another expression is obtained as

L4 1/3 1/3

No = nplpé? < npR® {q7 (%) } (Z—Z) . (20)

For a large Tokamak device, typical parameters are
given by ¢ ~ 3, R ~ 1.5m, ny, ~ 10°m™=3, ¢, ~ 3 x
10*m/sec, p;/R ~ 2 x 1074, and nyp/nt ~ 10. For
the blob of the size 6 ~ 0.01m from egs. (17)-(20), we
find V; ~ 10°m/sec, Ay ~ 0.15m, Gmax ~ 0.03m, and
Np S 10 from equations (17)-(20).

2.3 Experimental Observation

In this section, experimental observation of plasma
blob is shown. The evidence of plasma blob transport
in the SOL is given in pictures taken by high-speed cam-
era imaging. In recent years, high-speed cameras have
become common and image quality is improved signif-
icantly. Currently, a rate of more than 10° frames per
second is possible.

Fig. 4 shows an image taken at the spherical Toka-
mak NSTX with a high-speed camera. The images were
produced by filtered D, light with the use of a local
gas puff in the camera field of view to increase the local
neutral density and thus the brightness (and contrast)
of the fluctuation images (Gas Puff Imaging Method).
We can see the filament structure near the edge. This

observation implies that the plasma blob structure is a
type of filament along the magnetic field lines.

166 ms

Fig. 4 Filament structure of plasma blob ob-

served by gas puff imaging on NSTX. (Ref.
5) )

Fig. 5 shows consecutive frames from an ultrafast
camera of the D, emission intensity fluctuation in a
poloidal cross section in Alcator C-Mod Tokamak. Red
and yellow colors correspond to positive fluctuation am-
plitudes, green and blue to negative. The separatrix
position indicated as the black solid line. The picture
shows the rapid convective propagation of the plasma
blob in the SOL.

0.86 0.88 09 092 086 088 0.9 092 0.86 0.88 09 092 0.86 0.88 0.9 0.92
major radius [m] major radius fmj major radius [m] major radius [m]

Fig. 5 The evolution of a long-living blob in Al-
cator C-Mod. (Ref. %)

Fig. 6 shows the experimental results in DIII-D, vi-
sualized with the BES (Beam Emission Spectroscopy)
diagnostics. We can find the density burst in plasma,
and a structure, marked with a dotted circle and shown
in both frames, undergoes both poloidal and radial mo-
tion, maintaining the clump structure.

3. Simulation of Blob Propagation

3.1 Model Equations

2D Hasegawa-Wakatani type model equations are in-
troduced to describe the dynamics of blobs in SOL with
local concentrations of density and vorticity. Derivation
of the model equations is given in the paper D’Ippolito,
et al.1”. We follow the procedure to derive the model
equations.

The model consists of the vorticity equation and the
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Fig. 6 Two frames from BES showing 2D density
plots. Red indicates high density and blue
low density. (Ref. 7))

continuity equation:

d B2 2B

a—tVi(I)= —nV“J” +%(b><n)Vp (21)
on

5 +V - (nve) =0. (22)

where df/dt = 8f/0t+([®, f], [@, f] = b-(VL® X VL f)
is a Poisson bracket which indicates the convective
derivative, B = Bb is the magnetic field, kK = b - Vb
is the magnetic curvature, Jy is the current density
parallel to the ambient magnetic field, ve is the elec-
tron flow velocity, n = n. = n; is the particle density,
p = n(Te+T;) is the total pressure, and T. and T;
are the electron and ion temperature. Here we assume
Te > T; and T, is constant along the magnetic field
lines. The Boussinesq approximation is used to derive
the vorticity equation. )
From Eq. (22), we obtain:

(gi +ve- V) n=-n(Vjvg+VL-ver) (23)

where, the perpendicular component of the electron
drift velocity is given by

B
Vel = ﬁ X W, (24)
where
W=V<I>—Z£=V¢’——£V1nn. (25)
ne e
The second term of R.H.S. of Eq. (23), is evaluated as
V.B*>xB
Vi Vel = ——J'E;;— W
B w
-—ﬁ-Vl XW+§E‘V_L x B (26)
2
~ VB xB W,

B4

for the lowest order. Then Eq. (22) reduces to

dn

a = ——nV"'ve”—I—nznxb~ (V‘I’ = %Vlnn) , (27)

B

where the relation x ~ (V ; B) /B is used.
Now, we calculate on the current density at the
sheath. Electron flux is given by

Te=n / — doy vy f (vy) (28)

where we assume that f (v") is a Maxwellian distribu-

3/2 _mevz
fw) = (;:—T) exp "] . (29)

2T,
Then the current density at the sheath is given by

Jjsh = en (cs — :}t;_:r exp [— ;2]) , (30)

where ¢, = (T./m;)"/? is the ion acoustic speed and
Vthe = (Te /me)l/ 2 is the electron thermal speed. Equa-
tions (21) and (27) can be simplified by integrating along
the magnetic field lines from 0 to L in the limit where
all quantities are assumed to be constant along the mag-

tion:

netic field line except the current, where L indicates the
connection length of the magnetic field line in the SOL,

d o B?
Ly Vi® = ——{J (Ly) = %y (0)}
2B
dn

Ljgz == {ven (Zy) —vey (0)}

+L"n%n xb- (V@ - %Vlnn) . (32)

Assuming that both ends of each field line ter-
minate at grounded conducting plates, and setting
T (Ly) = 2Jgsn, Jj(0) = 0 and v (Ly) =
(vtne/V27) exp [—e®/T.], vey (0) = 0, we get

d_. 1 2eB? ed
22— — f1- e
dtvl ; c (1 v exp [ Te])

2B

+—(bxk)-Vp (33)
i L - 22
at ~ "L CVP T
+n£n><b- (VLID-—EVInn), (34)
! B €

where v = (m;/2rm.)*/?. Introducing the normaliza-
tion:
Qit = t,
ed/Tes — D,
p/ (nst.,) =

psV =V,

n/ns — n,

psk — K,
Te/Tes - T:
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and using the relation
¢ =&+,

where the Bohm potential is defined by &5 = Tlnv,

then we obtain ,

C%Vigozaﬁ(l — exp [—%D +%(b>< K)-Vp
(35)
dn

3 = onexp [—ﬁ] +2nk xb (Vo —Vinn),

T
(36)

where the parameter a = 2p;/L| measures the net par-
allel current into the divertor plates.

Since the plasma filaments are assumed to be localized:

perpendicular to the magnetic field, we can use a slab
model with orthogonal coordinates {z,y, 2} such that
the = coordinate is taken in the direction of the major
radius and the z coordinate is taken along the magnetic
field line. The dimensionless curvature can be written
as k = — (ps/R) X, where R is the major radius, % is the
unit vector in the z-direction, so that the second term
of the R.H.S. of Eq. (35),

0]
b . = -0
2(bx k) V Jé] oy’ (37)
where 8 = 2p;/R is the parameter measuring the

strength of the curvature drift. Assuming ¢ < 1, and
expanding exponential functions in (35) and (36), we

obtain
492 = ap - B07 o
VLY =ap -~ 3y +uVie (38)
dn dp On 2
= Ton +8 <n By 8y) + DVin, (39)

where Vi = 02/02? + 6%/0y? and the ion viscosity
p and the diffusion coeflicient D are introduced. These
equations are full nonlinear model equations used in Sec-
tion 3.2 and later in Chapter 4. Further simplification
is possible, if we assume that the density modulation is
weak, we linearize the second term in R.H.S. of Eq. (38)
and the second term in R.H.S. of Eq. (39), then we have
partially linearized model equations

492 = ap— 27 4 v

g Vie = oy 'Bay +uVie (40)
dn _ _ op _on 2

= om+ﬂ<ay ay)“"DVJ_TL (41)

The energy conservation relation in this system is

written as,

() = - a (ol + In?))

) ) (42)
—p<|V2icpl > -D <‘Vin| > ,

where, the bracket () is the surface integral given by

(O L /Ly Lxd d
= z dy,
LzLy 0 0

and 1
2
H= 2 (|vig[* +nP)

is the Hamiltonian of this system.
If we ignore the second term in R.H.S. of Eq. (39),
these equations reduce to the model used for calculating

the blob dynamics during transport in the SOL in Ref.
8)

3.2 Numerical Scheme and Boundary Con-
ditions

We have developed the spectral and pseudo-spectral
codes to solve Equations (38)-(41).
methods are introduced to solve the full nonlinear model
equations ((38) and (39)) in the following sections. The
nonlinear term associated with the density in the model
equations, i.e. the second term of the R.H.S. of Eq. (38)
is difficult to describe in Fourier-space. The pseudo-

Pseudo-spectral

spectral method has an advantage to calculate such non-
linear terms.

In the spectral code, the equations are solved numer-
ically by the finite difference in the z-direction, and
by the Fourier expansion in y-direction The nonlinear
terms are evaluated in Fourier space. In the pseudo-
spectral code, the nonlinear terms are evaluated in the
real space using Fast Fourier Transform (FFT).

The following boundary conditions are used for the
blob transport. In the vorticity equation,

for m = 0: Vigol(:r=0)=0, Vip(r=L;)=0
form#0: Vie(z=0)=0, Vie(=L,)=0

where the prime means the derivative of z, and L,
indicates the system size of the x direction. Similarly,

form=0: ¢ (x=0)=0,
form#0: ¢(x=0)=0,

e@=1Ls)=0
p(@=1Lz)=0

are imposed. In the continuity equation,

form=0: n(zx=0)=no,
form#0: n(zx=0)=0, n(z=1L)=0

are imposed.

The periodic boundary condition is used in the y-
direction such as ¢ (y =0) = ¢(y = L), where L, is
the system size of the y direction.

The initial blob density distribution is given by Gaus-
sian:

Blob Density Distribution (z,y) =

an exp [_ (2522 - (2 _5?/2)2}







































