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Abstract

The plasma-sheath boundary is confirmed to be a surface ahwihé ion directional velocity towards the wall
attains the ion-sound velocity (i.e., the “sonic point” dddch-1 point”). Expressing this statement quantitatively
is a complex task which has been solved to a satisfactoryeddor low temperature plasmas only, where the ion
temperature is negligible with respect to the electron pagjmn temperature (i.e. “cold-ion” plasmas). In this pape
we tackle this problem for “warm-ion” plasmas, in which tlo@ itemperature is arbitrary. The proposed method is
perfectly suited for fusion-relevant plasmas.
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1. Introduction ature is negligible with respect to the electron popula-

The plasma-sheath boundarv in aeneral plasma th tion temperature, so that the precise knowledge of the
€ plasma-sheath boundary In general plasma the-, ,, o ¢ producty;kT; is not so critical. However, it

ory is identified as a surface at which the ion directional has been shown 06) that even in plas-
velocity u; towards the wall attains the sonic velocity mas in which the ions are born at rest (with zero initial

defined ats = kTe + yikTi [wherek is the Boltz- velocities), the ion temperature is not exactly zero, and

mann consta_nt',ll'e,i are .thi e!ectror|1 and. 'on t‘;’.“P €' moreover, that the value of the polytropic coefficient at
;aai?i;ismectwe ; ? 1S t6)(]a Lc;ncg?n)étsrzrﬂggrc;ir:icclegtoth the boundary might be several Fimes higher thgn pr(_avi-
U andc; are quantities which today, in principle ' can ously supposed in pllasma physics. Obviously, in fusion
ble pred?cted and measured. at Ieas’t i Kinetic c,:ompu- plasmas where the ion and electron temperatures are of
’ the same order of magnitude the relevancy of product

r:gg?? j?;ils ttlgnas. Pogvi\;]eréolgéss afgrecxfrinféve ?;]Sd vikT; becomes a critical one, primarily because even a
lous . PPly Su . hpiex p particular value foty; is not generally known with reli-
mas as in fusion devices, so fluid models instead are ability.

in widespread use, which, however, still do not involve
enough physics. Application of such codes makes it Our approach to solve the problem of ion-
important not only to declare what the plasma-sheath sound velocity is based on the extended formula-
boundary is but, rather, to expreggantitativelyeither tion of the Tonks-Langmuir theory of the plasma
the ion-sound or the directional ion velocity, or both of arc [Tonks and Langmuir, _1929) as schematically
them. In particular, in numerical simulations of fusion shown in Fig[ll sketched for the plane geometry. The
plasmas, where it is necessary to impose well-defined problem consists of finding a potential profile together
boundary conditions for employing numerical codes, with ion velocity distribution, provided the electron
e.g., SOLPS cod@t 03), it is necessary to ob-density distribution is known, and the mechanisms of
tain plasma parameters behaviors under various physi-ion production and energy gains and losses are well
cal scenarios of interest in the scrape-off layer (SOL) re- defined. Schematic potential profie(x) is shown in
gion in Tokamak devices, and these still ad known the case of a negligible. This means that in a very
with sufficient reliability. Defining the ion-sound (and thin sheath region the main potential drdg — @, is
related directional) velocity is a complex task which has located, (wherabs - the plasma-sheath potential drop
been solved to a satisfactory degree for low tempera- as measured with respect to the center of discharge
ture plasmas only, where, in addition, the ion temper- is the point at which a sudden drop of the electric
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Figure 1: Schematic diagram of the T&L model in one-dimensional
(plane) geometry with potentia(x). The plasma center at = 0,
walls atx = +L. @ is the potential of the sheath eddga, is the wall
potential.

field E -1/¥(®) is situated, andb,, is the wall
potential to be found self-consistently from the parti-
cle flux balance). Tonks and Langmuir (T&L) found
that the region of plasma arc can be mathematically
split into “plasma approximation,” where strict quasi-
neutrality is assumed and “sheath approximation”, dom-
inated by the electric field. The corresponding two re-
gions of the plasma-wall transition layer are often re-
ferred to as “the pre-sheath” and “the Debye sheath” .
regions. T&L found approximate solutions for these
two regions in plane, cylindrical and spherical geome-

tries with the assumption that the ions are generated

at rest. This is known as the "cold” or "singular” ion

source scenario, unlike the much more complex "warm”
or "regular” ion source case, which was formulated by
Bissell and Johnsbh (1987) (B&J) with the Maxwellian
ion source. Unfortunately, the B&J model solution turns
out to be limited to a narrow range of ion source tem-
peratures and rather unreliable due to a
aimed at obtaining the solution._Kos et 09) and
al. mb) have recently managed to solve the
B&J model without any restriction. However, the above
authors did not apply their model to various plasma
purposes, e.g., for a particular task to investigate fluid
and kinetic properties of the plasma-edge boundary in

o o
¢

terms of convenient expressions of the form of Bohm B

criterion M@%, i.e., its possible kinetic gener-
alization (Harrison and Thompsan, 1959). In addition,
no fluid generalization of the Bohm criterion for warm
ions was proven up to date. This is a result which will
emerge from the present work in a natural manner.

2. Theoretical backgrounds

The general_Tonks and Langmuir (1929) problem

consists in simultaneously solving Boltzmann’s equa-
2

roximations

tion for ion VDF fi(x, v):

ofi e do of
V& - aa EY = Si(x,V) (1)
and Poisson’s equation for the potentlgl):
d’d e
e E—O(Hi - Ne), 2)

where the collisional source ter8)(x,Vv) on the right-
hand side is a function describing the relevant micro-
scopic physics involved in the model of interest, with
the Cartesian space coordinatethe particle velocity,

e the positive elementary chargas, the ion mass, and
®(X) the electrostatic potential at positiay, and Pois-
son’s equation for the potential, respectively, wheye

is the vacuum dielectric constant, an¢ne are the ion
and electron densities, respectively. We introduce the
normalized quantities of interest as follow% — @,

mv2

X Nie Tn

xn v, g ' T T
‘f°5°f' — f;, SIL - S;, wherecyy = VkTe/m andL
is any charactenstlc system length, (usually, the half-
length of the plane-parallel discharge). Subscijet
denotes that equation is equally applicable to ions and
electrons. Eqs[{L] 2) in the normalized form reads:

— X _>nie: —)Tmlé_)Til

of, do of;

_Si(xv) _dke
ax dx (ov2) “

v and W =

N—ne, (3)

respectively. Here = Ap/L (with the Debye length

= +ekTe/Neo€ and ng the electron density at
the center of the plasma) is the smallness parameter
of the problem. Assuming that the electron density is
Boltzmann-distributech, = exp@®), the procedure de-

scribed in Ref.[(Kos and Jéli ) leads to the solu-

tion in the form:

" explo(x) - @(x)]exp[ L o) - @(x)]

X Ko{z—_n]lcl)(x)—d)(x)l}dx
d’®
2
= 1-¢ exp(—d))m, 4)
with B = % T'n“me:—:’v exp(i‘%), emerging from the

charge flux balance (see @@oog) at the wall
with @, the wall potential andh,, the average ion den-

sity. Since here we are interested in the “vanishing-
g" case, i.e., only in the quasineutral core plasma
and its boundary, after interchanging the dependent



and independent variables we obtain the B&J integral- and

differential equation, for unknown functio#(®’): dne - €ne . ©)
1 do )’i,ekTi,e - m,euﬁe
- [v@ren(1+ 1) @-o)| | o -
Therefore the marginal Bohm criterion (equality sign),

O- P , in kinetic and fluid approximations, for single charged
X KO( 2T, )d‘D : ®) particles and single ion species plasmas, state:
Once function?(®’) is known, either from numerical 15f 16fe
caIcuIati@l@bQ) or from analytic approx- m f Vv’ f Tayadv=0 (10
imation I.1), solution to the above equa-
tion is obtained, it is possible to calculate the ion veloc- and
ity distribution, which in normalized variables in accor- 1 " 1 -0 (11)
dance to B&J reads: yikTi —mu?  yeKTe — melZ ’
f(®(X),V) = B f P(D') exp@’) respectively, when the quasineutrality condition at the
@ plasma sheath is employed. Assuming that the elec-
exp{—[v2 — (' - D)] /Tn} (6) trons are near to a perfect thermodynamic equilibrium,
' their density derivative in both kinetic and fluid mod-
- (¥ - D) els isdn./d® = —en/kTe. The ion derivative, however,

Furthermore, all the moments of ion VDF, i.e. the den- does not depend on the model, so the generalized Bohm
sity n = [ f(v)dv, directional velocityu = % [ f(v)vdy, criteria in two models becomes (<W2>)_1 = kTe and

and ion temperaturd = [Lf((v-u?dvand all  my2 = kT, + kT, = c respectively, (where the term
higher moments like heat flux, energy flux etc.z, can be (y-2) is obtained after partial integration in kinetic in-
found at any location, as well as the quaniiw®) = tegrals as shown in Eq$l(8) arid (9)), or in normalized

7 J 1(Wdv/v necessary for the calculation of the H&T  yariaples, respectively:
plasma-sheath condition. Additional derived quantity of

interest_ is the local polytropic coefficient functigm(x) ((v >) -1 and Ui2 1ty Ti=¢, (12)
(or equivalentlyy; (®)):
3 n dT; n, dT;/d® where any velocity is normalized tR, and any temper-
vi=1l+ Tdn + T, dn/do @ ature to electron temperatufe.

Please note that although the physical properties of the The problem arfises with the kinetic quantity
last quantity, as introduced in plasma physics for the ((V >) , which has no obvious physical meanmg
first time in Ref. (Kuhn et 4l 2006), have been dis- Sense. In fact, it has been argued in Ref. (Allen, 1976)
cussed in detail in e.g., Ref. (Kuhn et al., 2010), in the that the dispersion relation:

present paper one can consider its introduction just for-

mally as a convenient abbreviation. 2 r ofi(v)/ov 2 r 0fe(v)/ov 2
On the other hand, at the plasma boundary the stan- ¢ f V- w/K d f —w/k dv=Kk (13)
dard procedure of expanding the charge density in the 0 -0

sheatme —n; in terms of the potentiab(x) near the "in-
finitely distant” pointxs/L — oo, ®s — 0 (where condi-

tions (he—n;) — 0 anddd®/dx — 0 hold), yields approx- )
e (D)2 1d(n 0 2 electrostatic plasma wave frequency and wave number
imation 2 (—) = i~ ©° from where it follows

dx 2 respectively) in the limit of long wavelengths is equiv-
that the Condltlon“"'—ne < 0 must hold near the sheath  alent to the marginal Harrison and Thompson crite-
boundaryin the sheath but with strict equality sigrt rion (1959), which is here formulated in the form of
the sheath. Since in collisionless sheath the density gra-Eq.[T0. Although Allen’s considerations can be read-
dient can be found from (non-normalized) Vlasov equa- ily extended to the wide class of arbitrary electron ve-
tions or, alternatively, from (non-normalized) systems |ocity distributions which satisfyfo(v)/dv = 0 in the
of fluid equations, the respective pairs of equalities can vicinity of the ion phase velocity it is, nevertheless, dif-

(wherewfe = N <€ /€M e represent the ion and elec-
tron plasma frequencies respectively, andandk are

be obtained in the forms: ficult to calculate explicitly the integrals appearing in
dne e 10fie Eq.[T10 in terms of measurable observables such as the
do imf; ov v ®) fluid velocities, temperatures and higher moments of



VDF's. There is just a single attempt towards this direc- 0.0+
tion done bﬁflj_eﬂ\ 1), which was based on the
Taylor expansion if integrating the function for rather

"cold” ions, yieldingy; = 3, but it has been shown in
Ref. MI. 6) that even in the cases where
the ion temperature is negligible bobt vanishing, the
value ofy; is considerably higher (7-8, depending on
the ion production mechanism) than proposed value
3, which is reserved for ideal adiabatic processes but, 064
strictly speaking, can be observed only for singular ion
VDF'’s (Dirac é-function) and ”Water-bag"n, ]
[1972) VDF's. 08
The essentialnovelty of the present work is that
may not be considered a constant (taking values 1, 5/3,
or 3 for the isothermal, adiabatic flow with isotropic  Figure 2: Potential profiles obtained for different ion smufneutral
pressure and 3 for the one-dimensional adiabatic flow), gas) temperatures.
as presented in any classic textbook on plasma physics,
but, rather, a function of the position, taking at the ,,hqary is always singular, meaning that the solution
plasma sheath a particular value to be found which, ;4 ihe plasma equation breaks there, IE®s = o).
moreover, assures that tlexact equalitytakes place.  Note Fig.[3 that for the zero ion-source temperature
This means that the plasma sheath boundary, being aa maximum possible potential draps = —0.854..
point of the electric field singularity, is, indeed, the g obtained, which is the well-known "classical” T&L

“sonic”surface (Mach number equal to unity) according limit.  The solution to Eq.[(5) is just a prerequisite
to Stangeby and Allen’s hypothesis made in fluid the-

ory dSIangeby and Allén, 1970) and Allen’s hypothesis 0.0 : : :
argued for the kinetic mod76), but confir-

mation of this requires redefining ion sound velodity
via employing consequently the local value of the poly-
tropic coefficient. This task cannot be carried out for
general VDF's but more readily with particular ones as -0.4
appearing in various discharge scenarios, and possible ¢
further generalizations might be done only a posteriori,

i.e., once all such relevant scenarios will be investigated
one by one.

02+ 4
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3. Results

Numerical and analytical solutions to Eff (5), based 0.01 0-1 'T 10 100
on the numerical procedure developed by the authors
with collaborators.is shoyvn in Fi@l 2., where. we show Figure 3: The plasma-
the plasma potential profiles for varying the ion source temperature.
(neutral) temperaturesT() in a wide range, so as to
yield the final temperatures{) which correspond to  for obtaining the actual ion velocity distribution, which
plasmas under various conditions of practical interest. is essentially different from the temperature of "par-
Note that with an increased neutral temperature the po-ent” particles, i.e., neutrals, which are supposed to be
tential drops, as measured from the center (subscript "0” Maxwellian. The final ion velocity distribution function
in notation bellow) to the edge of the plasma bound- (VDF), as obtained from Eq[]6) is shown in Fig. 4(a)
ary (subscript "s” in notation bellow) decreases (higher for a particular example of, = 1. It is plotted just as
T, means a smalled;). Quantitatively, this result is  several places in the plasmaadin the sheath region. It
shown in Fig[B where we show the relation between the should be noted that in the case where ions are created
ion source temperature and the edge potential. It is im- exclusively from the ionization ("collision-free” or CF-
portant to point out that the electric field at the plasma T&L model) or the ion VDF is always characterized by

4

edge potentédl as function of the neutral
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Figure 4: lon velocity distribution functions at severalsfimns in
the discharge (dashed lines indicate VDF's in the sheatbmgépr a
particular case of, = 1
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Figure 5: The ion temperature profiles as calculated fromcseifitly
dense sets of velocity distributions as function of potdnéach curve
for a particular ion source temperature.
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a sharp peak, while in the case of ion source from col- 7+
lision dominated source (“charge-exchange” CX-T&L
model) the ion VDF resembles to a Maxwellian [for
cold ion sources one can see R006),
while for warm ion-CX-source a T&L model has not
been developed yet].

To obtain the profiles of fluid quantities versksor
versus®(Xx) one needs to calculate all the moments of
VDF's at sufficient number of points for each particular
ion source temperature. In F[g. 5 we show a family of
that way calculated actual ion-temperature profiles, for
various ion-source temperatures. Firstly, it is evident
from this figure how the actual ion temperature behaves
in B&J model. Namely, it is always much below the in
source temperature, and decreases from the center tOFigure 6: lon polytropic coefficient plotted as functions lotal
wards the edge, with a more or less sharp "knee” at the plasma potential for various ion source temperatures.
plasma boundary.

The decrease of the temperature in the sheath is
due to the effect of VDF's "cooling” when acceler- function profiles can be calculated via Egl. (7), as illus-
ated in a strong sheath electric field, as explained in trated in Fig[®6. We show there thg(®) curves only in
Ref. (Kuhn et al.l 2006), For the present paper, in fact, the plasma region for better resolving this part from the
we even do not need to know plasma parameters far sheath region. It seems that the plasma sheath boundary
from the boundary. On the contrargt and near the coincides with the point of inflections of (®) curves,
plasma boundary we just need an excellent resolution, but it still has to be proved. Nevertheless, we describe
i.e., high density of points at which we calculate fluid the qualitatively concealed part, i.e., tha{®) func-
guantities, so that the derivatives of such curves (tem- tions decrease slightly in the sheath and again start to
perature and density), can be safely obtained, and this isincrease near the sheath boundary due to adiabatic cool-
not a trivial numerical task. Some noise might appear in ing, tending for very high potential drops in the sheath
derivatives that should be filtrated appropriately. Nev- to y(® — —o0) = 3, as proven in Ref al.,
ertheless, we obtain these quantities i.e., ion density, di ). In Fig[Y the dependence gfon the ion tem-
rectional velocity, temperature, energy, and derivatives perature at the plasma boundary is shown. This figure
enough reliably, so that the ion polytropic coefficient is the first result ever presented itT;). In future we
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Figure 7: The dependence gfs on the local ion temperature at the  Figure 9: Comparison of ion-sound velocity with the ion direcal
plasma edge-sheath boundary. velocity at the plasma edge as a function of the ion temperatute
plasma sheath boundary.
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rium with constant values = +/1 + ;T assumingfT;-
constant and; = 1, 3, and 5/3 by a rule. Such ap-
proach might be quantitatively acceptable for certain
plasmas, but in general, it is not correct. In fiy. 9 we
show thecrucial result of comparing the ion sound ve-
locity at the plasma sheath with the ion directional ve-
locity there. Namely, the hypothesis of strict equality of
these two velocities at the plasma-sheath boundary done

by Stan nd Allen (1970) for the fluid model and
later on b [(1976) for the kinetic model has never
Figure 8: Profiles of ion-sound velocity according to fluidrfuila been confirmed explicitly for warm-ion cases. We show

cs = 4/1+»iT; obtained for two ion temperatures which attain values here, by presenting both quantities as calculated inde-
much lower than electron and comparable to isothermal plasnea.cas pendently from each other, that the identity= cs at the

plasma sheath boundary holds (within the numerical er-

ror done during determining exact values at the plasma-
need to obtain such curves for various physical scenar- sheath boundary). The present approach is intrinsically
ios, i.e., supposed ion velocity distributions for possi- g new one, identified so far only in cosmic plasmas [see
ble generalization of fluid theory with warm ions at the e g. Refs| Pudovkin etlal. (1997); Cohen etlal. (2007)],
sheath edge, which is at the moment completely missing put never tackled and elaborated self-consistently be-
in plasma physics. fore. In this particular situation, it demonstrates the ne-

We have prepared all the elements to calculate the cessity of employing the values of local polytropic co-

ion-sound velocity. First, in Fi§]8(a) we show two com- efficient function at the plasma sheath boundary, which
plete profiles of ion-sound velocity according to fluid is rather a sharp function of local potential, taking at the
formulacs = /1 + 9 T; obtained for two ion tempera-  plasma sheath boundary a value which strongly depends
tures, which attain values much lower than electron and on the ion temperature. However, for fusion plasmas,
comparable to isothermal plasma cases, respectively.this dependence is not so critical because the valge of
This is a brand-new result in plasma physics, where converges somehow to a constant value 1.5, which can
up to now the ion-sound velocity was, as a rule, cal- be used for the first trial approximation in Scrape-Off
culated under assumptions of thermodynamic equilib- Layer fluid codes.
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4. Summary and Discussion are very similar, in spite of the fact that the ion ve-
locity distributions in these two physical scenarios are
The fluid Bohm criterion for the case of finite ion- rather different in shape, and this might be similar with
source temperature has never been proved in fluid ap-"warm” ion sources as well. Of course, the degree of
proach neither theoretically nor numerically. Any at- validity of such an assumption has to be investigated in
tempt on finding the sheath and plasma link in such a warm-ion plasma in detail in the near future.
plasmas was a physical oversimplification of the phys-
ical scenario in previous fluid models. This is due to
fact that in the previous century, by rule, a local ther-

modynamic equilibrium was supposed near the plasma  1hg work was supported by the European Commis-
boundary in fluid models, even though we have been g, ynder the Contract of Association between EU-
aware of the fact that such an assumption, while pos- RATOM and the Austrian Academy of Sciences. It
sibly numerically acceptable, is physically intrinsigall a5 carried out within the framework of the European
incorrect. In order to overcome this limitation, a ki- Fsion Development Agreement. The views and opin-
netic approach expressed in kinetic generalization of the jos expressed herein do not necessarily reflect those
Bohm criterion, formulated by Harrison and Thompson of the European Commission. This work was also
(1959), has been considered, but never actually em-gnnorted by the Austrian Science Fund (FWF) under
ployed, due to the lack of its physical practical value. project P19333-N16.
Emerging quantity{v-2)~%/2 equals tounperturbedon Alon 1. E.. 1976, Anote o th lived sheath criedoph
. P . . en,J. E., . A Nnote on the generalized sneatn Cri orFnys.
spund \{eIOC|ty fgmegllglblglon temperaturg. It coin- D: Appl. Phys. 9 (16), 2331-2332,
cides with the directional ion velocity also in the case gissell, R. C., Johnson, P. C., 3 1987. The solution of themteequa-
of perfectly "cold” ions, and, according nn tion in plane parallel geometry with a Maxwellian source. £hy
) can be expressed aﬁﬁz)_l/z ~ 1+ 3T, for Borf::lds 3?9(4% ?I'Lge_gﬁgl.'acteristics of Electrical DischaigeMag-
ligible ion temperatures but, otherwise, cent be g ' " : -
neg - s ! . netic Fields, 1st Edition. National Nuclear Energy sersw, 1,
expressed as anything meaningful. Unfortunately, this  v. 5. McGraw-Hill, New York, Ch. 2.5, pp. 49-86, edited by A.
“otherwise” meanglwaysi.e., not only in real plasmas Guthrie and R.K. Wakerling.

; ; ; _ Cohen, O., Sokolov, I. V. Roussey, I. I, Arge, C. N., Mandbes
but also in any fairly consistent plasma-sheath model. W, B., Gombosi, T. I, Frazin, R. A.. Park, H.. Butaia. M. D..-Ka

. o1 . )
In fac_t, quant'ty(vi— ) has no phyS|caI m_eanlng and no malabadi, F., Velli, M., 2007. A semiempirical magnetohydrody-
practical value. On the contrary, the fluid theory based  namical model of the solar wind. The Astrophysical Journalerst
on physical processes known in advance and a velocity 654(2),L163. S
distribution function obtained either from a mathemati- C°Ste". - P, 2003. Time dependent SOL modelling with SOLRS. |
. . . . Koch, R. e. a. (Ed.), Europhysics Conference Abstracts RCTIM,
cal model (like here) or from com_pgtatlonal S_|m_UIat'_0nS Proc. of the 30th EPS Conference on Controlled Fusion arsfia
(see e.g o ) containing the missing link Physics, St. Petersburg, 2003). Vol. 27A. Geneva, pp. B91.1

between the fluid and kinetic theory, i.e., the concept of Davidsqn, R. C., 1972. Methods in Nonlinear Plasma Theora-Ac
polgro ic coefficient function proposed by Kuhn et al. ,, demic Press, New York and London.

Acknowledgments

. . . Harrison, E. R., Thompson, W. B., 1959. The low pressure @gne
) instead of dealing with constant values,  metric discharge. Proc. Phys. Soc. 74 (2), 145-152.

yields results which are fully self-consistent. We have Jelic, N., Kos, L., Tskhakaya, (Sr.), D. D., Duhovnik, J., 2009eT
shown here that in the case of an arbitrary ion temper- ionization length in plasmas with finite temperature ion sesrc

. . . Phys. Plasmas 16 (12), 123503.
ature, the ion sound velocity can be found provided Jelc, N.. Riemann, K.-U. Gyergyek, T., Kuhn, S.. Stancjew.
andy; are known at the sheath boundary. Moreover, we  puhovnik, J., 2007. Fluid and kinetic parameters near thenpéa
have shown that the ion directional velocity is identi- sheath boundary for finite debye lengths. Phys. Plasmas 34 (10
cal to ion-sound velocity based on these data, and this _103506. | _ _

i to calculate the main quantities of interest in Kos, L., Jele, N., Kuhn, S., Duhovnik, J., 9 2009. Extension of
surices ’ ] q the Bissel-Johnson plasma-sheath model for applicatiorstorf
any plasma, i.e., the particle and energy to the bound- relevant and general plasmas. Phys. Plasmas 16 (9), 093503.
aries,withoutcalculating sheath parameters. However, Kos, L., Jelg, N., Kuhn, S., Duhovnik, J., 2010. Complete plasma
; ; and sheath solution for Tonks-Langmuir models with warm ion
I Sho.wd be pomted out th"?‘t our results emerge from a sources. In: 37th EPS Conference on Plasma Physics. Dufalin, |
collision-free model, and might not be applicableto col- 34,
lision dominated plasmas. Fortunately, the results ob- Kos, L., Tskhakaya, D. D., Duhovnik, J., gliN., Aug. 28-Sept. 2
tained in Ref |@b6) for both CF and CX 2011. Analytic solution to the bissell-johnson model. In!I8H-

models cIearIy indicate that in the case of "cold” ions ternational Conference on Phenomena in lonized Gases.sBelfa
UK, pp. B5-136.

(bor_n at I’est). the resu_lts regarding. both the ion pc_)IY' Kuhn, S., Kamran, M., Jdj N., Kos, L., Tskhakaya, D., Tskhakaya,
tropic coefficient function and the ion-sound velocity D. D., 2010. Closure of the hierarchy of fluid equations by nsean

7



of the polytropic-coefficient function (PCF). AlIP ConferenPro-
ceedings 1306 (1), 216-231.

Kuhn, S., Riemann, K.-U., Jéli N., Tskhakaya, (Sr.), D. D,
Tskhakaya, (Jr.), D., StanojéviM., 2006. Link between fluid and
kinetic parameters near the plasma boundary. Phys. Plasmas 13 (
013503.

Pudovkin, M. I., Meister, C.-V., Besser, B. P., Biernat, H, K997.
The effective polytropic index in a magnetized plasma. J. Ggep
Res. 102 (A12), 27145-27149.

Riemann, K.-U., 1991. The Bohm criterion and sheath formation
Phys. D: Appl. Phys. 24 (4), 493-518.

Stangeby, P. C., Allen, J. E., 1970. Plasma boundary as a mach su
face. J. Phys. A (3), 304.

Tonks, L., Langmuir, I., Sep 1929. A general theory of the pla®f
an arc. Phys. Rev. 34 (6), 876-922.



	Introduction
	Theoretical backgrounds
	Results
	Summary and Discussion

