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Abtt‘{t L .
The physics of interactions be eNV m plasmas and sheaths for background

\
magnetic fields which make obliqu a%s ith the sheath surfaces is studied with the use of
\

the self-consistent finite eleme%d fSBL incorporating the recently developed sheath
impedance model [J. R. M \Phsmas 24, 072507 (2017)]. The calculation based on

this model employs th eralized“sheath boundary condition (sheath BC), which surpasses
the previously uséd acitive sheath BC in reliability by taking into account the
contributions f tlég%lyelectron currents in the sheath as well as the displacement current.
A series @imulations is carried out in two-dimensional slab geometry with a flat

or curyed sheath surface as part of the boundary. It is shown that the sheath—plasma wave
£

appears en the equilibrium magnetic field line angle with respect to the sheath surface is

Sml L the&lbsolute value of the radio-frequency (RF) sheath voltage is large, and the plasma

densw is slightly higher than the lower hybrid resonance density (LHR density), all of which

S bring the sheath property closer to being capacitive. It is also shown that the sharp variation of

the magnetic field line angle along the sheath surface can sensitively affect the maximum

absolute value of the RF sheath voltage at a plasma density slightly lower than the LHR
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density.

PACS: 52.35.Mw, 52.40.Kh, 52.50.Qt, 52.55.Fa

I. INTRODUCTION \\

o
Waves in the ion cyclotron range of frequenci¢s ZT%\are employed for auxiliary

heating and current drive on many present da( tokamaks and are expected to play an

L
important role in future devices because of %ffectiveness and flexibility. However, it

has been known for some time? that I can have strong interactions with the edge

f\

plasma and vessel surfaces. N linewff&'ts including radio-frequency (RF) sheaths and
ponderomotive force have b&\ ested as possible mechanisms. (See Ref. 3 for a brief
review.) The formatiQ ths driven by ICRF fields has received considerable attention
because thesejl% /potentially create “rectified” direct-current (DC) sheath potentials*
which acc eﬁf%m the surface with high energies, enhancing sputtering, and releasing

potentials may also enhance transport and antenna interaction through

EXB COI§/ecti0n,5*7 and RF power dissipated in the sheath may be deposited on the surfaces,
ﬁ
eadi§g to surface heating and possible damage. In order to alleviate these unwanted effects,

S
several techniques to minimize RF sheath voltages have been advanced, such as choosing an

optimal balance of current in the antenna straps,® careful field alignment of the antenna with
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the magnetic field,” and wall boronization.'°

In addition to the experimental effort, considerable attention has been placed on
modeling RF interactions with the plasma edge.!'!° Because of the Q/wmtion between
the Debye-scale sheath and the much larger scale length of I aves or the plasma

fu‘%des by using a sheath

boundary condition (sheath BC). The earliest sheat modelf employed for this purpose

volume, RF sheath effects have typically been described i

described the sheath as a capacitive layer betw, e&t.b,e nﬁ)n plasma and the wall.?*23 It was
-

shown in particle-in-cell simulations tha% pproximation works well under conditions
. \ 24 ..
where the wave frequency exceeds the ionsplasma frequency.=* Recently, a generalization of

<

the capacitive sheath BC was@, applicable for a wide range of RF frequencies,

voltages, magnetic field llnxbnd degrees of ion magnetization.”> This generalized

sheath BC was cast } of an effective surface impedance parameter which was
calculated nu erlca f(){ a large number of cases and fit to asymtotically motivated
interpola ctlons 26 This constitutes a sub-grid Debye-scale model of the sheath which

may be ed i global RF codes. Measurements in dedicated laboratory experiments such as
-
1

asma Device (LAPD),”” Ton cyclotron Sheath Test ARrangement (IShTAR),?

e Large
&(&_Pototype Material Plasma Exposure eXperiment (Proto-MPEX),? and ALINE?® are

\ <

expected to provide an opportunity for validation of these models.
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Various full wave RF codes have implemented some form of a sheath BC to model the
interaction of RF waves with material surfaces. The “wide-sheath” limit of a capacitive sheath
has been implemented in the SSWICH (self-consistent sheaths and a&for ion cyclotron

heating) model*!*? and this model, combined with RF field ca Q)ns from other codes,

has been used to model sheath voltages and RF driv %‘nvec in the Tore Supra

—
tokamak?*** and ASDEX Upgrade (Axially Symmetri%sr

sheath model incorporating the Child—Langmui l&ior ﬂ'y sheath width was implemented in
o

the rfSOL code*® and the properties of thi SN luding the sheath—plasma wave (SPW)

periment).*> A capacitive

resonance were studied.!> The rfS LN a self-consistent finite element code and is
aimed at solving nonlinear sheaé\las 1nteract10n problems in the scrape-off layer (SOL)

of a tokamak. More recently, rahzed RF sheath BC was implemented and tested in

rfSOL" for the cas \@background magnetic field is aligned along the normal vector
g&%

to surface (the /

was also red with the one obtained by a post-processing method for a high-density

ufar sheath” problem); a numerical solution obtained using this code

lasma d tl‘lyy were in good agreement with each other.?” In addition, it was also seen in

)

increases almost linearly with the maximum RF sheath voltage. This is consistent with

C:‘u &t the maximum surface power density (i.e., the maximum value of P, defined

X

=~

several experimental results in which the power fluxes onto ICRF antenna structures scale
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linearly with the RF voltage in the transmission lines feeding the antennas.%°,

In the present paper, we consider the more general case where the magnetic field is at

an oblique angle to the surface. The magnetic field line angle affec@ve propagation

and boundary interaction as well as explicitly changing the shea 'Qedance. In this paper,

ere 1t has a.curved surface with a
ﬁ""\

we also compare cases where the wall is flat with cases

scale length comparable to the tangential wavelengthof the ?01 ent RF wave. In order to

study basic wave and sheath interaction physi s,(ue eﬂaloy semi-infinite two-dimensional
! -

(2D) slab domains instead of realistic tok \ metry. This simplified geometry is useful

to get insight into the fundamentals,of th: heat —plasma interactions which could occur on

\

many different surfaces in a rea mak under a variety of conditions. Examples include the
protection limiters surrounch%& tenna, other more distant limiters, divertor plates or

associated hardwar @ equipment in the SOL, and the tokamak inner wall. The local
£
magnetic fieldgeom anfdl plasma parameters differ in each case.
@er is organized as follows. In Sec. II, we describe the equations used for

solving acr()stoplc sheath—plasma interaction problems and briefly summarize the main

i@&a& f4he new rfSOL code. In Sec. III, numerical results obtained from calculations in 2D

w domains with a flat sheath surface are presented together with some analytical
S

investigations; here, the differences between the results obtained under the capacitive and
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generalized sheath BCs are discussed. The effect of the wall shape on various quantities on

the sheath surface at relatively low plasma densities is analyzed in Sec. IV. Finally, a

SN
N

—~

summary and conclusions of the present work are given in Sec. V.

—-—

II. FORMULATION FOR RF SHEATH-PLASMA'IN TER? IONS

In this section, we summarize the eq ti(n;,thﬂ)describe macroscopic interactions
L

between waves in plasmas and sheaths Q\tal S rfaces In the following analysis, we

assume that only deuterium is considered as.an ion species.

\I

The governing equation wayes in plasmas is a combined form of Maxwell's

equations described as \
)«)cht = 0’ (1)
£

where the ele?(lc 1 F/and the external current density J_, vary on the RF time scale.

VxVxE -

Here, i 1 aglnary unit, @ is the applied angular frequency, c is the speed of light,

having relat /gn with the dielectric constant ¢, and the permeability g, in vacuum. The
-ﬁ

..die trlc ensor ¢ is given based on the cold plasma model.! Throughout this study, we

and n, are the equilibrium number densities of electrons and ions, respectively.

w e that quasi-neutrality is retained in the plasma region, i.e., n, = n, = n,, where
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Hereafter, n, is simply called the plasma density.
The RF wave interaction with a plasma sheath on the metal wall is taken into account
by means of a sheath BC,?>2 which is written as follows: /

E, =-V V. 3\ (2)

s%th—p ma interface (i.e., the
—~

Here, the subscript t denotes the component tangential to t
hypothetical boundary surface between the magnetic esheats the plasma), and V., is
the instantaneous RF voltage across the sheath, w 15“S)Inply called the RF sheath voltage
hereafter. With the use of the sheath impedw ter z,, the expression for V. is

\

V :_‘] Z . n sh’ (3)

\

where J, (= s-J) is the com nt of the total current density J normal to the sheath
surface, and D, (= ¢ s~£-E)\t%€0mponent of the electric displacement D normal to

the sheath surface (a mthe definitions is the unit normal vector pointing into the

plasma). Note at b and D, are quantities on the plasma side of the sheath—plasma

interface. ID the local magnetic field line and the sheath surface intersect at an oblique

angle, /shearh impedance parameter z, is described as a function of the following four

ﬁ
di sior)ess parameters, which are evaluated on the sheath surface: Q, = Q Joy s by
efe b, = b's), ® = w/o,, and Ve = e|V |/T where Q. is the ion cyclotron

frequency, o, 1is the ion plasma frequency, b is the unit vector along the background
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magnetic field B, (i.e, b

. 1is the electron

temperature. Here, |b,| can also be expressed as |b,| = sind, where ¢ is the angle

n n

between the equilibrium magnetic field line and the metal wall (or sheath surface); for

brevity, we refer to this as the magnetic field line angle herea )d the “oblique-angle

magnetic field” corresponds to the case where 0 < 6 < #n/2° To compute z,, we employ

the dimensionless ion, electron, and displacement (cui‘@T

Ref. 26. These modified expressions for t e ‘T)ctron and displacement current
o

contributions yield almost the same (total W ittance parameter as that calculated by

ittance parameters derived in

the previous expressions'®?’ withi the imits of validity of the latter, i.e., when the

NI

background magnetic field is ular to the sheath surface and the dimensionless

parameters @ and V,, do&\?&i the previously set upper limits, see Appendix A.

The wave ptop %nodel for the dielectric tensor ¢ in the rfSOL code is the cold

£

fluid model,! %hich 1 Vaﬂd in the SOL but not in the core. In order to exclude the core

plasma r '(D&\e calculation domain (i.e., the SOL region), when necessary, we

introdu a d?,thpmg layer in the vicinity of the hypothetical core—edge plasma boundary

Q%ﬁh\ th the conducting-wall boundary condition (conducting-wall BC) on that boundary.

1s called the absorbing boundary condition (absorbing BC), and the details of this

\ <
\approach are described in our previous papers.'?3¢ Note that in this study there is no need to
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set the damping layer when the waves in the plasma do not reach the core—edge plasma
boundary due to evanescence.

The combined form of Maxwell’s equations and the no{{wheath BC are
self-consistently solved using the upgraded rfSOL code, into whichsall the functions necessary

to compute the sheath impedance parameter z, for lia}—an magnetic fields are
‘H

_—
introduced. The present model assumes a Fourier modg in thS z “direction in space, and so

the governing equations are numerically s lvgd.in"[jle three-dimensional space. The
L

calculations are performed on the Ediso@ 30) computer system at the National
ier (NERSC).
.

Energy Research Scientific Computig<

III.SHEATH-PL %ERACTIONS ON A FLAT CONDUCTING SURFACE

£
As the(i{rst n eri/al analysis, we consider sheath—plasma interaction problems in 2D

slab geo r&ith a flat conducting surface, which were analyzed using the capacitive sheath

BC iré\éar ier work.!? Figure 1 shows the problem definition; here, a combined form of
-ﬁ
-MS“@

equations is solved subject to the generalized sheath BC (or the capacitive sheath

\ or the purpose of comparison) on the right boundary, the absorbing BC on the left
~

boundary (or the conducting-wall BC in the case where waves do not propagate to the left
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boundary), and a periodic boundary condition (periodic BC) that connects the top and bottom

of the domain. The antenna current density is given by employing a cosine function in the y

direction in the range (Ly -L,, ) /2 <y < (Ly +L,, ) /2 as fOIIOWS'/

5 N\

Joo =K(¥)8(X=Dy )¢ e, )
where \
DA
—
K(y) =K, cos’ L y—i 3 (5)
" Lant 2 ‘ ( -
Here, k, is the z component of the wave ve kg_:a)nd e, is the unit vector in the y

direction. (Hereafter, the subscripts XQH\%\\Zﬂenote the X, Yy, and z components of
g

vector quantities, respectively.) The ﬁb’y arameters are fixed throughout the analysis in
this section: L, = 0.05 m(a te&q h), C, = 0.6 used in the capacitive sheath BC,*

T, =10 eV, k, = 10O and f = @/2n = 80 MHz. The other parameters are

¢

WaV63 from the antenna and/or SPWs exponentially decay; on the other hand, the nodes are

\ uniformly distributed in the y direction. This applies to all the meshes used in this study.

The numerical results shown in this and next sections are assumed to be on the plane of z =

10
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Omat t = 2nl/w, where | is an integer.

A. Effect of the sheath resistance /

We first investigate how the behavior of the SPW observe Dr the capacitive sheath

BC varies when the boundary condition is replaced with thé gengralized sheath BC. Based on
—~

Fig. 1, the calculation domain and the antenna positionjare det*m ed such that L, =0.6 m,

L, =04 m, and D,,, = 0.57 m. The maxi |Q_surf§e current density of the antenna,
-

K., 1s fixed at 1 A/m. The uniform pla@ and the background magnetic field are

n, = 2x10® m3, B, =1.5T, B . 5\%‘1 B,, =4 T. For these parameters, both the

fast and slow waves do not pr&\ the cold plasma according to the local dispersion
relation.! Thus, there is no nekﬁ\

an absorbing layer on the left-hand side of the domain.
The non-uniform @ere consists of 360 (in the X direction) x 540 (in the Y
direction) ni nod eleyﬂents (or 721x1081 nodes) in total; 300x540 and 60x540

elements @no < x < Db, and D,,, £ x < L,,respectively.

ure (a) and (b) show the filled contour plots of the real part of the electric field

€O one parallel to B, (i.e., E = E-b), which are obtained by imposing the capacitive

eneralized sheath BCs on the right boundary, respectively. Here, a black line segment in

NI

the plots indicates the antenna, and the black oblique lines indicate the sections of the

11
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magnetic surfaces on the x—Yy plane. Note that the full domain of the simulation extends
back to x = 0 m and is not illustrated in Fig. 2 (or Fig. 4 shown subsequently). The large

domain insures that the left-going wave is fully evanescent or absorb&z/itwut any reflection

from the left boundary. 3

The plot shown in Fig. 2(a) is almost identical wit ha“@hh\n Fig. 3(b) of Ref. 12;
H
—

however, the present result is obtained using the more aosur e nonlinear scheme (see

Appendix A of Ref. 41) with a different gri rgsnluti&) In Fig. 2(a), we see a localized
o

propagating wave mode along the sheath Qﬁkw a propagating SPW. This phenomenon

due to the presence of the SPW can be very high

is important because the local sheat VoltaX?f
nd

—
at higher antenna current densiti‘x\ nsequently enhanced impurity sputtering may occur

over a wide range of materizﬁ%& However, we note that this result is obtained under no

sheath power dissip, t@ on the assumption that the sheath impedance is dominated by
£
(Althou

its capacitan% gl( the capacitive sheath impedance model neglects the electron

particle ¢ ebhwath relative to the displacement current, the former is not really zero

as discussed next and it does give rise to power dissipation. For a discussion of power balance
ﬂ

sp A eatb and its relationship to rectification and ion impact energy, the reader is referred to

D in Ref. 25 and a reference therein [Ref. 42; see the Appendix].)

On the other hand, as shown in Fig. 2(b), the SPW disappears when the generalized

12
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sheath BC is imposed on the right boundary even though the same parameters as in the

capacitive sheath case are used.

To investigate the cause of the large difference in the abov@led results, we

compare the values of the dimensionless sheath admittance para Q ¥, calculated based

on the two different sheath models. For the capacitive s atl‘l)iode he sheath admittance

parameter is given by &5

A a—1 .
= ZS =—1 , 6
Yan = Zan Ao, (6)
L
where 7, is the dimensionless sheath arameter, A, 1is the electron Debye

length, and A, is the time-averaged Nra sheath width.!"” When the RF contribution

can be neglected (as in the cas\ ce the RF wave amplitudes are small), the sheath

width is approximately express

Ay, =Cy 4, ‘\ (7

re m, a m are the ion (deuterium) mass and the electron mass, respectively. Since

where

®)

onlyshe displacement current contribution is taken into account in the capacitive sheath

\ medel, Yy, is equivalent to the dimensionless displacement admittance parameter ¥, (i.e.,

the dimensionless admittance parameter for the displacement current) in this case. For the

13
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parameters used here, we obtain y, ~ —0.165i. Note that y, is almost constant along the
sheath surface because of the very small antenna current density (recall that K __ =1 A/m).
On the other hand, the value of §, is 0.464—-0.118i for the gener@ath impedance

model. The breakdown of this value is as follows: §, ~ 5. D2—1.67><10'2i, y, =
0.405, and y, =~ -0.101i. (Note that y, = V¥, +VY, §/d% g, and ¥, are the
—~

—
dimensionless ion and electron admittance parameter respeqsiv y.2%) We find that the ion

current contribution is less important, the displacement Gt"rent contribution is similar to that
L

for the capacitive sheath model, and mqst\ ortantly, the electron current contribution

(which is not considered in the capac tive\{at model) is dominant. In fact, the expression
.
b, \the i

mit V,, << 1, where h, = 1.161585;2 therefore,

the value of y, does not appr%uo in the generalized sheath BC unless the direction of

B, is nearly parall lé@ath surface. Since the electron current yields a resistive effect
£

in the sheath, this should bé associated with the fact that a propagating wave mode such as the

one in Fi@bsewed under the generalized sheath BC as shown in Fig. 2(b).

<Q9khvior of the SPW can be directly understood by applying the theory of an
ﬂ

for y, is givenby Yy, = h,

~electrpstatic 2D sheath mode to our slab model in the same way as we did using the capacitive

BC.'? Here, we consider (local) sheath-plasma interactions on the sheath surface

perpendicular to the x-axis; again, we assume that the plasma density and the background

14
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magnetic field are spatially uniform in the cold plasma. The presence of wave patterns near

the sheath surface invokes the mode ~ e**, where x is the position vector. Since we assume

that the electrostatic model is valid (i.e., E = -V® = —ik®d )and s = —e, in this

X

analysis, the generalized sheath BC given in Egs. (2) and (3) is re

1=—g,07,e, &k ‘) 9)
—~

The components of the wave vector k must also sati§fy the %ec ostatic dispersion relation

in the plasma, which is given by Q ")
o

K-g-k=0. ‘\\ (10)

Consequently, one can solve Egs. (9 an%“@ﬁnd k, and k, for given @ and k,. The
\ S

Newton—Raphson method can bé@ d for this calculation.
Figure 3 shows the %ﬂs\\ﬁs

tions.of the real and imaginary parts of k, at the sheath

surface as functions (@na density n, with a semi-logarithmic scale for the horizontal
£
in F

axis; the plot Zﬁown )é 3(a) is obtained by imposing Yy, = ¥, on the computation of

)

z, in Eq¥(9), while the full expression for y, (i.e., ¥, = ¥, +Y.+Y,)is used to obtain the

plot sh r{ in}'ig. 3(b). Here, the fixed parameters are the same as those used to obtain the
-ﬁ

aes in}ig. 2. Also, for the purpose of comparison with the numerical results with K__ =

, the RF contribution to the sheath is omitted in both cases; i.e., V;; = 0 in computing

/

2,,. Note that the expression for ¥, in the sheath impedance model?¢ is different from that

15
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given in Eqgs. (6)—(8); nevertheless, the plot shown in Fig. 3(a) is very similar to the one

obtained in our previous work.'? It is seen in Fig. 3(a) and (b) that |ky| rapidly increases to

infinity near the plasma density corresponding to the lower hybrid re@.e., at ¢, =0).
Hereafter, this particular plasma density is called the lower hybri saance density (denoted

by n,,, ), which is further abbreviated to the LHR density. (%ith the case where the
—~

—
capacitive sheath BC is effectively employed, the calgulated ga es of ‘Im(ky)‘ are greater

than those of ‘Re(ky)‘ even for n, > ng Whe@e g'jleralized sheath BC is employed.

This indicates that there is almost no densi SEQQ here the SPW appears as a propagating

wave along the sheath surface under the g rahzed sheath BC for the parameters used in this
.

analysis. Of course, the numeri for the sheath impedance model are more reliable

from a physical point of Vlew \Hie ion and electron current contributions (in addition to

the displacement ¢ %butlon) are appropriately introduced in the generalized sheath

BC

£
B. SP undg}' the generalized sheath BC
ﬂ
— In%ec. III A, we have confirmed that the electron current contribution in the sheath
nts the SPW from propagating along the sheath surface for a particular set of parameters
if K

is very small (i.e., for a thermal sheath). A qualitatively similar result was also

max

16
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obtained in our previous work, see Sec. 5.3 of Ref. 19. Then, the important question is
whether the SPW can still be observed even under the generalized sheath BC when we
employ different parameters. To demonstrate that the SPW can appe@he generalized

sheath BC, we first show an illustrative example using the parame Qscribed below.

In this numerical analysis, the components of B, afe %@s follows: B,, =0.5

—~

—-—

T, B,, =1.5T, and B, =4 T. Thus, the magnetic figld line gn e @ at the sheath—plasma

interface is smaller than that given in Sec. III A. g@rdﬁ’?ly, the calculation domain and the
Ao

, L, =04 m,and D, =047 m.

antenna position are determined such that L %= 0.5

The non-uniform mesh for the entj e‘h‘s\ﬁ?c‘)nsists of 360x540 nine-node elements in
e

total; 280x540 and 80x540 e&% re allocated in 0 < x < D, and D, < X
L,, respectively. The pl&\

< %ity n, is fixed at 6x107 m™ (still greater than the

LHR density); agai %{bing layer need not be present on the left-hand side of the
£
is

domain, sincegée wa évanescent in the plasma.

Fi raﬂa)x (b) show the filled contour plots of Re(E“ ) / Ko at K =1A/m

/= 190 A/m, respectively, which are obtained by imposing the generalized sheath

B théright boundary. From this figure, we see that the SPW does appear when K__  is
eased to 100 A/m although it is not observed at K, =1A/m.

The behavior of the SPW for the parameters given here can also be investigated using

17
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the analytical approach described in Sec. III A. Figure 5 shows the variations of the real and

imaginary parts of k, at the sheath surface as functions of the normalized absolute value of
the RF sheath voltage, V.. It is seen that while ‘Re(ky)‘ < ‘Img/ for Vo, =~ 0, this
magnitude relation in one root at a large value of V,. changes t IQK),)‘ > ‘Im( k, )‘ with

‘Im(ky)‘ being sufficiently small. This indicates that the W‘hpear only in the region
—~

—
where the absolute value of the RF sheath voltage is large and‘or he electron temperature is

low in a relatively low-density plasma. The né&mu‘n) value of |VRF| in the numerical
-

solution for K__ = 100 A/m is 284 V, V&N sponds to V.. = 28.4. This value is

indicated with a gray vertical line in%@fd gives a root of Re(ky) = —58 m! and
\ S

Im(k ) =—11 m™'. The wavele of this SPW is then given by Ay, = 2n/58 =~ 0.11 m,

y

which is close to the one obmig. 4(b). On the other hand, the maximum value of the

surface power densi y%ned in Sec. I C) for K_, =100 A/m is 81.6 kW/m?, which
£
at

is too small t2/cause efial damage in general. Thus, the main concern would be the high
sheath vo and associated sputtering.

- though the existence of the sheath resistance makes the SPW evanescent and thus it
sig 1 cribcal as compared with a propagating case predicted by the capacitive sheath model

ig. 2(a)), the observed SPW still extends the high sheath voltage region on the material

surface from where the plasma wave has interacted with the sheath. In general, we expect that

18
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sheath resistivity should reduce the sheath voltage, but also should reduce the surface area on

which the RF power deposition from the SPW occurs. The latter effect tends to increase the

surface power density. The competition of these effects requires qua@valuaﬁon for a

16menents in the antenna
‘H

spectrum in terms of k, need to overlap with the cha acteris%c mponents in the spectrum

given case.

In order to excite the SPW, several non-negli

of the SPW. Due to the finite length of the te(na alfd) the form of the imposed antenna
-
current, its spectrum has significant co@ many values of k, other than the

dominant value, i.e., K, = w/L, . Ift W'Tesonance is sharp, it can be excited by even

.
a small overlap of K, g, (K, f&\e SPW) with the antenna spectrum.

The appearance of tlk% also related to the magnitude relation of the real and

imaginary parts of t @nless sheath admittance parameter ¥, . In Sec. III A, we have
£
g

seen a propag?dn on’ly under the capacitive sheath BC in which the sheath resistance is

not inclu .he capacitive limit in the generalized sheath BC corresponds to the case where

being sufficiently small as compared with |Im( 9sh) . Figure 6(a),
Ab),"and (é show the variations of the real and imaginary parts of ¥, and the imaginary part

b,

n

as functions of \7RF, , and n,, respectively. The fixed parameters necessary to

compute ¥, and Y, in each plot are the same as those used to obtain the numerical result

19
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shown in Fig. 4(b) (although T, and k, are not used here); the value of V. is fixed at 28.4
in Fig. 6(b) and (c). It can be seen that the sheath approaches the capacitive limit when the
dimensionless absolute value of the RF sheath voltage is large, the m n%i&ﬁeld line angle is
small to the extent that the sheath is regarded as the ion-rich shea Q the plasma density is

low. Note, however, that the SPW does not always pe‘@}w capacitive limit, as

—~
—
demonstrated by the example in Sec. III C below. &3
| -
C. Almost capacitive sheath case ‘\\
\

As a last numerical example jin Non, we consider the case where the RF sheath

\ S
is formed through interaction M agating slow wave (SW) in a low-density plasma.
Here, the RF electric field stre\}(bwaried with different values of K__ . The parameters

used in this analysi g@me as those used in Sec. IV C of Ref. 12 (except the mesh
£
cri

resolution) ar?/are b@d as follows: L, =0.7m, L, =03 m, D, =065m, B, =
= }BOZ =4 T, n, = 1x107 m3, v, = 3x10" s7!, and 4, = 0.05 m,

where /coll}'xion frequency for the absorbing layer is given by v = v,e™*, see Refs. 12

1.5 T, B

ﬂ
.and“36. The non-uniform mesh for the entire domain consists of 480x460 nine-node

énts in total; 420x460 and 60x460 eclements are allocated in 0 < x < D, and

bl-ant

< L,, respectively.

bl-ant < -
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Figure 7(a) and (b) show the filled contour plots of Re(E‘| ) / K at K_ - =160 A/m,

max

which are obtained by imposing the capacitive and generalized sheath BCs on the right

boundary, respectively. The plot shown in Fig. 7(a), which is obtai{c{ng the improved

code for the capacitive sheath model (see Sec. III A), is almost 1 Qal with that shown in

Fig. 6(b) of Ref. 12. It is seen that these nonlinear results for thi§ high“antenna current density

—~

are very similar to each other, which indicates that th sheatlslm edance model approaches

the capacitive sheath model for the given par e TH) reason for this close similarity is

understood by noting that Im Sh reat r than Re ) in the range of the

interaction with the SW, as show 11&2\\87\7vh1ch means that the effect of the sheath

resistance is almost negligible. \

Figure 9(a), (b), and

and P, along the sheath

RF rect H

205 éag and 160 A/m under the generalized sheath BC, respectively.
£

Here, V,_, 152{6 rec

total shea @age w18 given by V., = Vi +V,

rect o

surface for K, =

edéheath voltage, which is a function of & and V.26 (Note that the

and the thermal contribution in V

rect

is C/ /30 V.!2) The quantity P, is defined on the sheath surface (i.e., on the y-z

S\) L) as!

2l
ks P, == |J * Re( |VRF| Re(Y,) |VRF| > Re(y, ), (11)

j=ie
\I<
where y. and Yy, are the ion and electron admittance parameters, respectively; note that the
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displacement current contribution is not associated with any power loss. Physically, in the

microscopic description, P, arises from RF power dissipation in the volume of the sheaths;

however, as discussed in Appendix C of Ref. 19, from the macroscopk/oipn\tof view this may

be interpreted as a locally dissipated power per unit area on“the/sheath surface. (The

admittance form of P, is provided here for completenesg‘andymay e used to evaluate the
H

—
power loss in the electron and ion channels at the'\sheath Sur ace, i.e., at the magnetic

presheath entrance. See Sec. IV D of Ref. 25 fi rgdiscﬂ')ion of the power split at the actual

! -
wall. Note also that here we evaluate only t@\weri pacting the surface that arises from the

RF electrodynamic interaction with the s MGciﬁcally from J,;-E,.. DC contributions

\ DS

to the surface heat load, such as\m&trmal contributions, are not included.) Hereafter, P,

is simply called the surface [&Q\\aﬁity (defined on the y—z plane).

It is seen @and (b) that the maximum values of |VRF| and V_, rapidly
£

increase with ti increase if K,. andreach the order of a few kilovolts at K_ =160 A/m.

Such hi i@l greatly enhance the impurity sputtering yield on a metal wall; the low
é/\

plasma nsity considered in this example will reduce the number of directly sputtered
ﬂ
Am 'ties) but self-sputtering avalanches may still be a concern. The maximum values of

are smaller than those of IVRF| at the same values of K__ and are similar to those of

V, (the rectified sheath potential based on the Child—Langmuir law) shown in Fig. 8 of Ref.

22
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12. Hereafter, we will show IVRF| as a measure of the sheath voltage that is relevant to ion

acceleration and sputtering. For high-frequency RF sheaths, @ >> @, the rectified sheath

pi >

voltage, which is directly related to | | (see Fig. 6 of Ref. 25), pr@ actual voltage

through which the ions are accelerated; in the opposite limit, the instantaneous

@ 5

value of V,, (bounded by V_, + [VRF| ) provides a more u fu‘l% of ion acceleration.

—~

—
On the other hand, as shown in Fig. 9(c), th maxinﬂjtm surface power density for

K,. = 160 A/m is approximately 360 kW/m? a(;Lhich‘)alue serious material damage may
L
not occur. Low surface power densities at w plasma were also seen in our previous

work; see Fig. 8 of Ref. 19. For co pN the sheath-limited (collisionless) regime, the

es?

energy transmission coefﬁc1$\ (T./m) / B For T, = T, we find that S, ~ 7.3,

and the DC referenee % for the parameters in this analysis is 26 kW/m2. This is still

heat flux for a thermal plasma &)ut is estlmated as S;n,T.c, where S, is the sheath

small compar Wlth RJS contribution.

As the second numerical analysis, we consider the interactions between SWs and

sheaths in 2D slab geometry with a shaped wall in the form of a conducting bump. The
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b,

purpose of this section is to investigate the effect of the variation in (or the magnetic

field line angle) on the quantities related to sheaths based on the fact that plasmas are in

contact with various shapes of material surfaces in the SOL of tokamaks. The geometrical

configuration of the simulation is the same as that used in Sec. D, Fig. 1) except that a

ee ‘\U}. here, the generalized

Gaussian-shaped bump is located on the right boundary g 1
—~

sheath BC is imposed on the sheath surface including the slopeso he bump. The local height

of the bump, h, , is given by Q ’)
! -
2
y-L, /2
hy, () = Py €XP —(Wz—y/) : ‘\\ (12)
\

The following parameters are fixed ﬁh?h.g.l the analysis in this section: L =6m, L, =

08m, D, =52m, Lam@\\,%w =01m, T, =15eV, k, =160 m™', f =80

MHz, v, = 3x10" s QS/I ="0.4 m. The non-uniform mesh for the entire domain

Vv

de elements in total; 600x200 and 200x200 elements are

and D < x £ L, —hy, respectively. In this numerical

bl-ant bl-ant X

analysiS, we examine two cases using two different values of the plasma density n, with the

v,
b@% agnetic field B, oriented purely or mostly in the x direction.

A Lower density case

First, we consider the case where n, = 1x107 m3, Bx =4T, B, =0T,and B,
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=0 T in the entire slab domain. Here, K__ is fixed at 600 A/m, while the maximum height

of the bump, h, ,is varied in the range of 0 to 0.4 m; of course, h,,,, =0 m corresponds to

ump ump

the flat sheath surface (i.e., no bump). The distance between the / enna and the sheath

surface varies according to the height of the bump when the an Dposition is kept fixed.

However, it should be kept in mind that, according t th@upe osition principle, the
—~

—

left-going waves reflected off the right boundary (or th bump&pa s through the antenna as if

it were not there, since the antenna current is ivgn.iole‘lb as a source for generating the RF
L

field in the present study (see Egs. (1) am@Q{he efore, moving the antenna (or varying

D,... 1n Fig. 10) only changes the ha‘se\@ﬂ‘ectric field on the surface of the bump; i.e.,
\ S

it does not change the spatial variations, of the absolute values of the quantities, e.g., |VRF| ,

E |, and |Dn| on the&&\h\mrface from which the propagating waves are reflected

(see Fig. 12 later). \
£
Figury( 1 shows the filled contour plot of Re(E“)/ K at hy,,. = 0.4 m, which

illustrate e}teraction of the propagating SW with a bump. We see that the electric field

£ . - .
strengthnear )he steepest angles of the bump (i.e., near the minimum value of [b,|) is
-

z

sh| >

™

Cﬁ( 'entl}r close to the maximum of the propagating wave fronts for the given parameters.

X

Z

patial variations of |VRF , and |Dn| on the sheath surface at four different

w2

E

2

sh| 2

=~

values of h are shown in Fig. 12. Note that these variations are given as functions of y

bump
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instead of 7, which increases along the sheath surface (see Fig. 10). From this figure, we find

that |VRF| and

yA

decrease with the bump height, is nearly independent of the bump

n sh

height, and |EH| increases strongly with the bump height. Althou%k( not shown here, the

rahe maximum value of

spatial variations of P,

P, is approximately 70 kW/m? at h

yz

= 0 m; by the pr eﬁ% of the bump, the calculation

bump

method for the surface power density P, needs to genersli = P,(dz/dy) =

Prz/n’

where P, (= (J, ? Re(ZSh )/ 2)is the | cameonwer density on the 7—2z plane

Nt strongest interactions occur, varies by a

factor of 3.6 in the range of hb 4 m. Thus, on the slopes of the bump, the rate of

parallel to the sheath surface.

b

n

decrease in with hbump

M decreases with the bump height, since

the low plasr%a/ densi gﬂsidered here. Also, the similarity in the decrease rate with h

than the rate of increase in |EH| with h _ (see Fig.

ump

12(c)). This explai D

n

~ |€Obng” EH| for

bump

between nd

(see Fig. 12(a) and (d)) is consistent with the relation |VRF| =

(D,

being nearly independent of the bump height (see Fig.

sh

(see/Eq (3)) and

. TI} insensitivity of |z

to h,,, may be attributed to the cancelling effect of |V,

sh

', where Y, 1s the sheath admittance parameter)

z

z

on ; 1Le.,

sh sh (: ysh

increases with the increase in |V (see Fig. 6(a) and (b),
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b

n

respectively), and note that both [VRF| and decrease with the increase in the bump

height. Thus, the dependences shown in Fig. 12 may be understood, at least in hindsight, from

"s\

fundamental considerations; however, the complexities of the interac emphasize the need

for numerical calculations which implement the generalized she@
Q\

—

B. Higher density case ks

Second, we consider a higher density ca: hé‘l'a n, = 24x107 m3, B, =4 T,

By, =0T, and B;, =0.1T in the entire @. This plasma density is slightly lower

than the LHR density n,,, for the give\n@‘ters (ie., n, = 249x107 m3); thus, the
o

SW still propagates in a similar to that in Sec. IV A (see Fig. 11). Here, the interactions

between SWs (with differen&fs\t\r,\ﬁeld strengths) and sheaths are analyzed for h

and 0.4 m with K _ éie\%the range of 400 to 1000 A/m in each case.
£

Figure 43(a) and (i) compare the profiles of V| as a function of y on the sheath

=0

bump

surface fi Q.p = 0"and 04 m at K, = 600 A/m, respectively; the results for n, =

£
lxl(_)_': d 2ﬁ><1017 m™ are compared in each plot. It is seen in Fig. 13(b) that the bump

)

¢ the higher density case is near the lower hybrid resonance where ¢, is close to zero by

.introduces’ a noticeable asymmetry effect into the profile of |VRF| for n, = 24x107 m3,
g{&

X

.
definition, the quantity D, ~ iges-(bxE)+¢bgE can be influenced by the
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electromagnetic ¢, term especially when

b[l

is small (which reduces the ¢ term); a

critical value of for which the two contributions to D, become comparable is then

bﬂ

given by |b,|=(e, /gH)|s.(b><E)/ EH|. Additional simulations (not il@show that the

asymmetry is lost if ¢ _ is artificially set to zero. The reason thatithe/magnitude relation of

[\/RF| between the two density cases is reversed when the %ﬂp 1s«formed on the sheath

‘H
—
surface may be associated with the fact that |€obn€HE[ in |D3

decreases more sensitively for n, = 2.4x10"” m ith‘tae increase in the bump height.
-

Figure 14 shows the spatial mria@ and

sheath surface at four different val es\o&\for Ny = 0 and 0.4 m with n, fixed at

ee above) on the surface

Z,| as functions of Yy on the

max

NS

2.4x10"7 m3. We see that the s\les f |VRF| correspond to the profiles of

14(a) and (c) for the flat wall a\F@.\M(b) and (d) for the bump. The important point is that

the asymmetry is amp %he nonlinear response of the sheath impedance parameter with

£
the & term 2/ D,

ingﬁiominant for h
one side ©f thg bump with the increase in K__ , the rate of increase in

Z,|; see Fig.

by — 0.4 M as |VRF| increases more rapidly on

Z. | on that side

sh

becom {so ‘gteater than that on the other side of the bump, which further drives up |VRF|
ﬁ
sthersyIn f)ct, the asymmetry of the variations is a key factor that enables the maximum value

RF| for the bump to eventually exceed the one for the flat wall at the same value of K

(in this analysis, at K__ = 1000 A/m). A qualitatively similar result was obtained in our
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previous work; see Fig. 8 of Ref. 41.

as‘%xt]e sheath impedance
‘H
—

we have presented various properties Which Scc

V. CONCLUSIONS

In this paper, by using the new rfSOL code

model, 192526

in association with the
self-consistent RF sheath—plasma interactions o(q‘l;.liqﬁ'gangle magnetic fields in low and
high plasma densities (compared with the LH\ ensity) at a wave frequency for ICRF heating.
In some numerical examples, basically %@kulatmn conditions as the ones used in our
previous paper!? were chosen 1&;& compare the results obtained under the capacitive
sheath BC (i.e., the prev10usly ath BC) and the generalized sheath BC (i.e., the sheath
BC corresponding % impedance model). It is expected that the generalized sheath
BC should y1 res ]z(ser to real phenomena, since it takes into account the total current
density i sheath (including the ion and electron current densities as well as the

dis laéme\nt )1rrent density), while only the displacement current contribution is considered
gf@

)citive sheath BC. The important findings of this study are summarized as follows.

Q
3 In Sec. III, we solved the nonlinear sheath—plasma interaction problems in 2D slab

\
\geometry with a flat sheath surface. We first considered densities above the LHR density so
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that the SW in the main plasma volume is evanescent. Under these conditions, it was
demonstrated that the SPW, which propagates along the sheath surface and is evanescent into
the plasma, disappears under the generalized sheath BC (in contrastAwith the corresponding

result obtained under the capacitive sheath BC) for the chosen pa Ders. These parameters,

in particular, included a small amount of antenna current ns@ (implying a small RF sheath
—~
—
voltage), and the reason for the disappearance of the S%Sra ed to the resistivity mainly
caused by the electron current in the sheath. m(q@r, itywas also shown that the SPW can
L=
still emerge even under the generalized she{ when the magnetic field line angle is small,
the absolute value of the RF sheath yvoltage,is large, and the plasma density is relatively low

IS

but still higher than the LHR d&i . with Q. /& = Q. /o held constant. These conditions

reduce the sheath resistance %the sheath capacitance. When the SPW is present, as in

Fig. 4(b), it can be %some additional power, relative to the case without the SPW,
£

flows along t%shea urfice before being damped.

Ofighe hﬂd, when considering the case where a propagating SW interacts with a
shea‘EE a p};rsma density below the LHR density, no clear difference was seen in the
au icah’esults obtained under the capacitive and generalized sheath BCs. The reason is that

aginary part of the sheath impedance parameter is much greater than its real part in the

region where the RF sheath is formed, which indicates that the capacitive sheath
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approximation is valid for the given parameters. For this low density case, the maximum
dissipated power per unit area on the sheath surface (i.e., the surface power density) is not so
high (~ 100 kW/m?), in contrast with the corresponding absolute @the RF sheath
voltage (~ 1 kV). 3
To investigate the effect of the magnetic field line ahgle monhnear interactions,
_—
we employed a Gaussian-shaped bump on the sheath—plasma bsun ary of the 2D slab domain

in Sec. IV. For the plasma density sufficiently logleuhaﬁ)the LHR density, the effect of the

magnetic field line angle was relatively w W e range of the bump height considered

in this analysis. Then, the absolute v lu@? sheath voltage, |\/RF ,

.
through the explicit dependenc&\ ~ ¢&b,¢E,, since the absolute value of the sheath

impedance parameter, |Z,|, i \?‘mdependen‘[ of the bump height. On the other hand, for

sh
the plasma density slig Wr than the LHR density, it was demonstrated that the behavior
of |\/RF| can com u1]’,( sensitive to the variation of the magnetic field line angle. In
addition )rmmetry and the sharp angle variation are responsible for the strong increase

z

RF| > thI}AS further accentuated by the nonlinear increase in |z,

)

found in one-dimensional simulations, associated with the presence of the SPW

Q} ef. 12, multiple solutions of the nonlinear model using the capacitive sheath BC

=~

resonance. It is worth noting that we have not found any evidence for multiple solutions in the
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2D simulations presented here, but also cannot claim with certainty that the solutions are
unique. The dissipation in the generalized sheath BC model is one factor which can suppress

sharp resonances and would likely also suppress multiple roots, since e depend sensitively

on the structure of the SPW resonance. Q

In the present paper, we have only considered th mteﬁof RF waves with the
H
—

sheaths they create on the RF time scale. Depending in part upQSI the properties of the external

DC circuit connecting two ends of a given fie & an%the asymmetry of the end sheaths,
o
DC current can be driven by the rectified m\ ath potentials and flow along the field lines.

~u

In the present paper, we only consider t part of the problem, not the DC part or any

\ S
coupling between the RF and DW' DC currents have been observed in experiments in
Refs. 44, 45 and incorporatiKng\K

\e?into simulations which couple the sheath current and

voltage rectificationye %lobal tokamak geometry remains an important task for the RF

modeling cor%unit ;
R
£

T: a whole, this paper establishes the first numerical implementation of the

generiﬁl;ath BC for oblique-angle sheaths that we are aware of. We have shown that the
ﬂ

ined the reasons for similarities and differences with the purely capacitive sheath BC.

C; lizéi sheath BC produces results which appear to be physically plausible, and
<

Where possible, we have qualitatively explained the complicated variations of the sheath
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voltage and other quantities on the sheath surface under the generalized sheath BC. We hope
that the present work is useful in understanding the behavior of the generalized sheath BC
under a variety of conditions. It is also hoped that the sample cases ir&tigated in this study
may prove useful as verification test cases for benchmarking ot Ddes which implement
the generalized sheath BC. ‘)
—~
—
Further development of the rfSOL code will requhsd apply it to the problems

including electron-rich sheaths (where the values &b

n

[ -
the present form of the sheath BC will N red for cases where sharp corners are
present on the boundary of the ca cula%KToTn‘ain and sheaths are formed there. Finally,
N
specific implications for antenné\sii&

nd tokamak operation remain the subject of future

work. \
/Q
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APPENDIX A: SHEATH ADMITTANCE PARAM E‘%& PERPENDICULAR

SHEATHS &3

In this appendix, we demonstrate that the ntIy)Jroposed functional forms used to

compute the (total) dimensionless sheath a@ rameter ¥, (see Ref. 26) yield values

similar to the ones computed using heN unctions!® for perpendicular sheaths. Figure
15(a) and (b) show the filled cok plats of Re , which are obtained by employing the
previous and new express1ons 1men510nless admittance parameter, respectively, over
the validity range of t %us expressions, i.e., 0 < @ < 8and 0 < V < 20, where

V_ is the d1 ns10 p/eak to-peak voltage expressed by V = 2V . It is seen that the

pp

profiles & Ve 51m11ar to each other, which indicates that all the results shown in Ref. 19

shoul repr)wduced even with the use of §, (or Z,) in Ref. 26. However, note that the

Q%L t formulation of the sheath admittance parameter removes the necessity to set

X

limits of & and \7pp for the perpendicular sheath case and is also valid for oblique
-

angles.
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Figure Captions

FIG. 1. Singly periodic slab model with a flat sheath surface. /\

FIG. 2. (Color online) Filled contour plots of Re(EH) fo n‘o}\2*018 m3, B, =15T,

—~—
=~
By, =05T, B, =4T, and K, =1 A/m under @01 tve sheath BC (a) and the

generalized sheath BC (b). The nonlinear num rigﬂ_scl're?’le is employed to obtain the result
-

in (a), although the nonlinear contributio@ citive sheath BC is negligibly small in
://dot.org/10.5281/zenodo.1667247

this case. [Associated dataset availa lem\ ] (Ref. 40).

\ h
FIG. 3. (Color online) Plotsog\\{mal and imaginary parts of k, at the sheath surface as

functions of the pl ng;\%, which are obtained by employing the capacitive sheath BC
£

(a) and the gezaéraliz sheéth BC (b) without including the RF contribution. The plot shown
in (a) is t@eplaoing g, with §, in the code into which Egs. (9) and (10) are

incorpo éd; pbte that this plot is almost identical with the plot shown in Fig. 4 of Ref. 12,
ﬂ

Ci ass)res the validity of the present code based on the generalized sheath BC (given in

\

)). The fixed parameters are B, =1.5T, B, =05T, B, =4T, T, =10¢eV, k, =
-
10.8 m™!, f =80 MHz, and V,, = 0. The gray vertical line in (a) and (b) indicates the
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density value used in the numerical simulation. [Associated dataset available at

http://doi.org/10.5281/zenodo.1667247] (Ref. 40).

A

FIG. 4. (Color online) Filled contour plots of Re(EH)/ Ko fO 0) 6x10" m>, B, =

05T, B, =15T,and B, =4Tat K, =1A/m((a)apd ‘5“ =400 A/m (b), which are
—~—

—
obtained wunder the generalized sheath BC. @te

http://doi.org/10.5281/zenodo.1667247] (Ref. 40). ‘)
-

N\~

FIG. 5. (Color online) Plot of the real amﬁnary parts of k, at the sheath surface as

T

functions of the normalized R\ath oltage V,,, which is obtained based on the sheath

dataset available at

)

/

impedance model. The fixed pata rs are B, = 05T, B, =15T, B, =4T, n =

6x107 m3, T, =10 } 10.8 m™!, and f =80 MHz. The gray vertical line indicates

V,, =284, \?ﬁch c espénds to the maximum absolute value of the RF sheath voltage on

the sheat u@e numerical solution for K__ =100 A/m (see Fig. 4(b)). [Associated

dataset eﬁla@e at http://doi.org/10.5281/zenodo.1667247] (Ref. 40).
ﬂ

)

ﬁ
KNG_% (Color online) Plots of the dimensionless sheath admittance parameter y, and the

S

=~

dimensionless displacement admittance parameter Y, vs. V.. (a), |b,| (b), and n, (c).
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Here, Re()”/sh) , Im(f/sh) ,and Im(y,) are denoted by black solid curves, black dashed curves,

and red dashed curves, respectively. The fixed parameters are as follows: B, =0.5T, B,, =

0x

BOWQ n, = 6x10"

m>, f =80MHz and V,; =284 in(b);and B, =0.5T, B, :Ds T, B, =4T, f =

15T, B, =4T, n, = 6x10” m>,and f =80 MHz in (a);

80 MHz, and V,. = 28.4 in (c). The gray vertical line in ch‘bo}d&cates the value (on the

horizontal axis) that yields Re(y,) = 9.62x10~ K& = -3.46x107, ie., the

minimum value of |§,| on the sheath surface i t 1cal solution for K__ =100 A/m.

max

[Associated dataset available at http://doi. (;J\ 281/zenodo.1667247] (Ref. 40).

FIG. 7. (Color online) Filled centour plots of Re E‘| m for n, = 1x10” m3, B, =

15T, B, =05T, and BO% K,.. = 160 A/m under the capacitive sheath BC (a)
an the  gener l@eath BC (b). [Associated dataset available at
%

http://doi. org/ztf 528 Mgenoflo.1667247] (Ref. 40).

FIG. 8. lét of/the real and imaginary parts of z, along the sheath surface at K = 160

-

C;bwh' h is obtained by employing the generalized sheath BC. [Associated dataset

S

ilable at http://doi.org/10.5281/zenodo.1667247] (Ref. 40).
~
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FIG. 9. (Color online) Plots of V| (a), V,, (b), and P, (c) along the sheath surface at
four different values of K__, which are obtained by employing the generalized sheath BC.

[Associated dataset available at http://doi.org/10.5281/zenodo. 166724 Ref

FIG. 10. Singly periodic slab model with a bump in the shedth %

FIG. 11. (Color online) Filled contour plot of K‘,% for n, = 1x107 m™3, B, =4

T, B

0y

the generalized sheath B\\Usociated dataset available at

~
http://doi.org/10.5281/zenodo. 1&4& ef. 40).

FIG. 12. (Color online

=0T, B, =0T,and K, = 6K = 0.4 m, which is obtained under

lots of V| (a),

on the sheath rfac fopf different values of h,,  for n, = 1x107 m> with K__ fixed

bump

at 600 @ed dataset available at http://doi.org/10.5281/zenodo.1667247] (Ref.

§3 Comparison of the plots of |V | as a function of y at K__ =600 A/m and two

\I<

different values of n, for h =0 m (a) and h = 0.4 m (b). [Associated dataset

bump bump
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available at http://doi.org/10.5281/zenodo.1667247] (Ref. 40).

FIG. 14. (Color online) Plots of V.| vs. y for h, = =0m (a) ang/ Dy = 0.4 m (b) and
vs. y for h, =~ =0m(c)and h = =0.4m(d) ‘@ sheath surface at four

e@t 2.4%10"”7 m. [Associated
~

dataset available at http://doi.org/10.5281/zenodo.1667247] (R?
FIG. 15. (Color online) Comparison of t@ our plots of Re(f/sh) as a function of

& and V for perpendicular sheaths, ar obtalned using the functions presented in

different values of K . . Here, the plasma density n, is

Ref. 19 (a) and the functlons\ in Ref 26 (b). [Associated dataset available at

http://doi.org/10. 5281/zen0d0 | (Ref. 40).

( N
Please note: The 1dtys e figures should be adjusted to coincide with two-column width
(i.e., a wid of t% or one-column width (i.e., a half width of the paper). Also, please
tr1m ay unn essary parts of the figures.

7

X

\J

~
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