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It has recently been reported that space-charge saturation occurs adjacent to almost every commonly used
plasma-facing material for plasma temperatures abeB8 eV. An electron emission coefficient, defined as
the average number of surface-emitted electrons per incident plasma electron, which is near or above unity is
responsible for the occurrence of space-charge saturation. With this motivation, a fully kinetic self-consistent
theory capable of describing the plasma sheath under conditions of space-charge saturation is developed. The
theory is then used to obtain boundary conditions which are suitable for incorporation into computer programs
which simulate plasma$S1063-651X%97)02602-0

PACS numbdps): 52.40.Hf

[. INTRODUCTION terial surface as a particle sifR1]. The theory was later
extended to include a surface emitting zero-temperature elec-
Computer programs including magnetohydrodynamictrons [22]. Afterward, a surface emitting finite-temperature
(MHD), particle-in-cell (PIC), multifluid, and hybrid codes electrons was taken into accour®3]. Fully kinetic sheath
which simulate plasma processes are being increasingly intheory has been developed by considering planar sources of
corporated in simulations of plasma-based devices. Th@ns and electrons and evaluating the resulting phase-space
types of plasma-based devices which candrehave been distributions for each. This type of fully kinetic planar source
simulated by computer are diverse. Some examples ar@pproach has also been used for evaluating axial transport in
plasma-filled backward wave oscillators for producing highthe end region of a tandem mirrf24—28,.
power microwave$l], plasma thrusters for space propulsion Plasma near a solid material surface is normally divided
[2], plasma wind tunnel$3], opening switches including into two regions. The region closest to the material surface
those of the compact toroid tygdd], thermionic converters has been referred to as the Debye sheath, the collector
[5], plasma antenna$6], “table-top” x-ray lasers[7],  sheath, or simply, the sheath. The other region has been re-
electron-plasma-wave particle acceleraf@&$), electron cy- ferred to as the presheath or the source sheath. The two re-
clotron resonance ion sourcg,11], waste processofd2], gions together have also been referred to as the sheath. In the
rail guns[13], MHD generatorg14], plasma reactors for present work, the two regions are referred to as the sheath
processing materiald5,16], and fusion reactorigl7]. In ad-  and the presheath. The boundary conditions presented are
dition, reentry vehicles and spacecraft in low earth orbitthose that occur at the interface between the presheath and
should be mentioned18,19. Computer programs which the sheath(lt should be mentioned that by incorporating the
simulate plasma processes often require boundary conditiot®undary conditions at the interface between the presheath
at plasma-surface interfaces. In this paper, boundary condand the sheath into a plasma simulation, the presheath region
tions suitable for incorporation into such computer programswill naturally develop in the simulated plasm@epending
are presented which include the effect of the plasma sheatlon the plasma process considered, electrons and ions within
A plasma sheath forms next to a plasma-surface interfacthe presheath can originate from a combination of mecha-
and has a length scal¢ghe Debye lengthand a time scale nisms including plasma diffusion perpendicular and parallel
(the inverse electron plasma frequenayhich are often to a magnetic field and ionization of gas atoms and mol-
smaller than the length and time scales in computer simulaecules. A fundamental assumption in the fully kinetic planar
tions of macroscopic plasma processes. The plasma sheathsisurce approach to sheath theory is that all presheaths can be
both non-neutral and non-Maxwellian and can have a subadequately modeled as a collisionless plasma region which is
stantial influence on particle and energy transport to @ounded on one side by a planar source of half-Maxwellian
plasma-facing material surface. For example, in k&) the  electrons and ions and on the other side by the presheath-
effect of a plasma sheath on particle and energy flow to asheath interfacg¢21]. This fundamental assumption allows
electrically floating plasma-facing surface was reported. Thdor the plasma description both at the presheath-sheath inter-
plasma-facing surface bounded a simple magnetic mirroface and at any location within the sheath to be self-
used to confine a collisional hydrogen-isotope plasma. Theonsistently determined.
plasma sheath was found to be responsible for reducing the Most of the commonly used plasma-facing surface mate-
energy flow to the plasma-facing surface by a factor of 1(rials have recently been found to have secondary electron
compared to that which would occur without the presence oémission coefficients near or above 0.9 at moderate edge-
the plasma sheath. plasma temperaturg9]. (An edge plasma is defined at
The boundary conditions developed in the work presentegresent as a Maxwellian plasma which supplies ions and
here are based on a fully kinetic self-consistent theoreticatlectrons to a presheattzor example, the following mate-
description of the plasma sheath. Fully kinetic sheath theoryials have secondary electron emission coefficients which
was initially developed by modeling the plasma-facing ma-reach 0.9 at the edge-plasma temperatures indicghede
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55 BOUNDARY CONDITIONS INCLUDING SHEAT . .. 1859
values are from Fig. 3 of Ref29]): boron, 15 eV; carbon, U 4
42 eV; aluminum, 47 eV, silicon, 29 eV; titanium, 49 eV;
iron, 35 eV; copper, 52 eV; molybdenum, 35 eV; and tung-
sten, 53 eV. The edge-plasma temperature at which the sec- Xo Xm Xn
B . L. (a) . )
ondary electron emission coefficient reache3.9 is impor-
tant since the onset of space-charge saturation has been
found to take place within the plasma sheath when the sec-
ondary electron emission coefficient is0.9 [23]. In Ref.
[23], the sheath description is determined self-consistently
for a monotonically decreasing potential including the onset
of space-charge saturation when the electric field is zero at
the wall surface. Referen¢@3] provides a historical review Xo Xm Xn
of sheath theory and a detailed comparison of the fully ki-  ® - = —
netic approach with other approaches to sheath theory. In the
present work, the sheath theory in REZ3] is extended by
self-consistently determining the sheath properties not only
for a monotonically decreasing potential but also for space-
charge saturation when the electric field is reversed near the Ux) 4
wall surface and a potential minimum occurs within the

\{

Ux) 4

sheath.

One aspect of fully kinetic sheath theory, which makes it © *o Xm X/Xln
difficult to use, is that evaluation of the sheath and presheath
potentials requires a numerical solution to a set of coupled
nonlinear equations. Although boundary conditions can be
evaluated in closed form, they are in terms of the sheath and
presheath potentials. In order to provide for fast computation
of the boundary conditions, simple expressions are devel- FIG. 1. The particle potential energy profiles considered in Sec.
oped for the sheath and presheath potentials which incorpdk A planar source of particles is locatedxgtwhich emits particles
rate fits to numerically calculated values. The problem ign the positivex direction. For the potential energy curve shown in
considered in a four -dimensional phase space which consist®), U(xm) <U(x,) <U(Xo) and all particles originating &, travel
of one spatial and three velocity dimensions with the spatiaPast X,. For the potential energy curve shown ifb),
dimension normal to the plane of the plasma-facing surfacé? (Xo) <U(Xm), U(Xn)<U(xm), and a fraction of the particles
The two velocity dimensions perpendicular to the spatial di-°riginating atx, reach a turning point betwees andx, and pass
mension are symmetric and the theory can, in principle, b&ack through, . For this potential energy profilél (x,) <U(xo) is
reduced from three to two velocity dimensions without loss/SC Possible. For the potential energy curve shown (an
of information. l_J(xm)<_U_(x0)<U(xn), U(xo):U_(x,), a}nd fraction of the par-

The properties of a plasma sheath depend upon a numb&;les originating akg reach a turning point betweeq andx,, and
of things, including plasma composition, ion charge—statéDass back througRo .
distribution, magnetic field angle with respect to the surface
normal, plasma flow speed parallel to the surface, angbotential energy profiles are illustrated in Fig. 1. In all three
charged-particle emission processes at the surface. The emisses, a planar particle source is locatedyawhich injects
sion processes are affected by such things as surface temarticles with a half-Maxwellian velocity distribution into
perature, composition, cleanness, roughness, electric fieldd)e spatial region of interest. The spatial region of interest is
and magnetic fields. The plasma-facing material surface calocated betweer, andx,, and particles which reach<x, or
be either a current-carrying anode or cathode, or it can elect>Xx,, are considered lost from the region. The role of Sec. II
trically float with respect to the plasma. Altogether, a com-is to present derivations of expressions for phase-space dis-
plete theoretical description of a plasma sheath is extremelfribution functions and associated densities, fluxes, normal-
difficult to achieve and some simplifying approximations areized temperatures, and energy fluxes for the three potential
necessary. In the present work, all ions are considered tenergy profiles in Fig. 1. These expressions allow relations
have the same mass and charge state. The effect of a mdgr plasma electrons, plasma ions, and surface-emitted elec-
netic field is not taken into account and no plasma flow parirons to be written in Sec. Il without the need for individual
allel to the material surface is considered. The sheath is coHerivations for each particle species. In Sec. IV possible
lisionless and bounded at a planar sheath-surface interface lejectric potential profiles within the presheath and sheath are
an electrically floating wall which absorbs all incident par- evaluated numerically. Three profiles, which are determined
ticles and emits only secondary and thermionic electrons. self-consistently for a set of example plasma parameters, are

In Sec. Il the planar source model is used to describe thehown in Fig. 2(The three electric potential profiles in Fig.
transport of an individual species of charged particles2 do not correspond to the three potential energy profiles in
through three types of electric potential profiles underFig. 1). The three profiles in Fig. 2 represent the three pos-
steady-state, collisionless conditions. In order to avoid havsible electric potential profiles within a sheath adjacent to an
ing to consider the sign of the charged particles, the theory islectrically floating, electron-emitting, plasma-facing mate-
developed in terms of potential energy profiles. The threeial surface. The profiles are given in order of increasing
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(2) T . i diately in Sec. Ill for surface-emitted electrons with only a

{ : : change in notation. It should be pointed out that the locations
Xo andx, in Fig. 1 correspond to the locatiog andx, in
: : ‘ Fig. 2 only when considering surface-emitted electrons. For
§<—presheath—>§<—sheath—>§ plasma electrons and plasma ions, the locatignsndx,, in
Fig. 1 correspond to the locationg andx, in Fig. 2, since
plasma electrons and plasma ions are injected, at

In Sec. V boundary conditions at the presheath-sheath in-
terface are given both for sheaths in which space-charge
saturation does not occur and for sheaths in which space-
charge saturation does occur. Simple expressions for the
presheath and sheath potentials are also provided for each of
these cases along with an expression which predicts the
value of the electron emission coefficient at the onset of
space-charge saturation. Section V is self-contained for easy
referral. In Sec. VI brief discussions regarding the Child-
Langmuir equation and applicability of the work presented
! : are given in consideration of the simplifying assumptions
Xp Xb Xm Xs used. This is followed by a concluding summary. Through-
out this paper the word “surface” refers to a material surface
located at the interface between a plasma sheath and a bulk
solid.

"y

FIG. 2. lllustrations of possible electric potential profilsslid
curves in the presheath and sheath faj no space-charge satura-
tior_l, (b_) space_—char_ge saturation and a surface floating potential Il. PLANAR SOURCE MODEL
which is negative with respect to the edge plag@aiax<x,), and
(c) space-charge saturation and a positive surface floating potential. In Fig. 1 a planar particle source is locatedxgtwhich
Although not apparent as a result of the limited resolution of theinjects particles in the positive-direction. The injected-
plots, the electric field is zero at, andx,. The dotted lines are particle velocity distribution function ak, is written as
provided to guide the eye. fovx,vy,v,)O(vy) where the Heaviside step functiéh is

included to indicate that only particles traveling in the
fluxes of emitted electrons from the plasma-facing materiaPositivex direction are injected ak,. As a result of the -
surface. The first profile, Fig.(), is a monotonically de- conservation of energy and momentum, the initial velocity in
creasing potential which occurs if, for example, the wall sur-the X dl’rectlon of an injected particle af, is related to the
face emits no electrons. The second and third profiles, Figgarticle’s velocity in thex direction,v,, while the particle is
2(b) and 2c), occur in space-charge saturated sheaths. Ng°Cated at positiorx by
tice that with a sufficient flux of emitted electrons, the elec- , 2[U(X)—Uo] 172
trically floating wall gains a positive potential with respect to Vox=| vyt ———
the plasma. This phenomenon, which is illustrated in Fig.
2(c), has been experimentally observi@D]. For all three  whereU,=U(X,) is the particle’s potential energy & and
profiles, half-Maxwellian plasma electrons and ions are in1m is the particle mass. The phase-space distribution function
jected atx, while half-Maxwellian surface-emitted electrons for the charged particles must satisfy the steady-state Vlasov
are injected ax,. It should be mentioned that along with the equation,
three profiles in Fig. 2, other electric potential profiles are
possible under conditions different from those considered in mo, X, V) = U9 dt(x,v)
the present work. For example, if the plasma-facing material X X vy

surface is a strong emitter of positive ions, a positive Spacgs hile taking into account inaccessible regions in phase

charge region can be produced which leads to a profile witliy,ce n terms of the injected-particle velocity distribution,
an electric potential hill. . the phase-space distribution function —given by
In Sec. Il sets of relations describing the transport Off(X,vx,vy,vz)Ifo(UOX,vy,vz) satisfies the steady-state Vla-

each of the three particle species are given for each of theoy equation where,, is replaced by the right-hand side of
three electric potential profiles shown in Fig. 2. These sets ofq, (1).

relations are determined from the three sets of relations as- For the first potential energy profile, Fig(al, the injected

sociated with the particle potential energy profiles shown inparticles encounter an asymmetric potential well. In the col-
Fig. 1. The procedure used is illustrated with an examplejisionless limit, all injected particles pass directly through the
Suppose surface-emitted electrons, which are injected intRagion betweerx, and x, and travel only in the positiva-
the sheath ak; in Fig. 2, encounter an electric potential gjrection. Since all particles must have velocities in the

profile similar to that in Fig. &). The potential energy pro- girection greater than/2[U,— U(x)]/m, the phase-space
file encountered by these electrons is qualitatively similar tq;g|ocity distribution function is

that encountered by particles injectedkginto the potential

energy profile illustrated in Fig. (b). Consequently, the f(X,vx,0y,0,)=Fo(vox,y,V7)

phase-space distribution function, density, flux, normalized "
temperature, and energy flux derived in Sec. Il for the poten- xe(u 3 ( 2[Uo— U(X)]) ) 3
tial energy profile shown in Fig.(h) can be written imme- X m '

, @

m
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For the potential energy profile illustrated in Fig(b}, The third potential energy profile, Fig.(d, causes the
particles can be reflected betwegpandx,, and then travel particle velocity distribution at any location betwermnand
pastx, moving in the negative-direction. Under conditions X, to occupy two separate velocity regions. One region de-
of complete reflection,U,—», the injected-particle and scribes particles moving in the positixedirection. These
reflected-particle parts of the phase-space distribution beparticles have a velocity in the direction greater than
tweenx, and x,, are symmetric. The only difference for a 2[U,—U(x)]/m and are associated with the phase-space
finite value forU,, is that particles betweexy andx,, with  velocity distribution function,
velocities in  the positivec direction greater than
V2[U,,—U(x)]/m are not reflected. Consequently, particles 2[Up—U(x)]\ Y2
traveling in the negative-direction are restricted to veloci- f(X,vx,vy.v2)=fo(vox.vy,0,)O vx‘(T)
ties greater than-2[U,—U(x)]/m and the phase-space
distribution function which describes the charged particles

betweerx, and X, is (Xo<X<X;,05x>0). (6)
m

The second region describes particles moving in the
1/2 . . . .
) negativex direction. These particles hawvg values between

—V2[U,—U(X)]/m and — y2[Uy,— U(x)]/m and are asso-

ciated with the phase-space distribution function,

2[Un—U(X)]
m

f(X,0x,0y,0) = folvox vy vvz)e(vx+(

(X0<X<Xm)- (4) f(xavxavyvvz):fO(UOX:Uyvvz)

In the regionx,,<x<x, particles are accelerated in the Xe(v +(2[Un—U(X)])m)

positivex direction and are restricted to velocities greater X m

thany2[U,,—U(x)]/m. Consequently, the phase-space dis- 1/

tribution function in this region is ><e(_vx_(Z[Uo U(x)]) )
m

2[um—U(x>])1’2)

- (Xg<X<X; ,0,<0). (7)

f(X,vx,0y,0,)=TFo(voz,0y ,Uz)e(l)x—(

Altogether, the phase-space distribution function for particles
(Xn<x<X,). (5)  betweenxy andx, can be written as

2[U0_U(X)])l/2) ((2[UO—U<x>])1’2 )}
= Je||/——=] -u,

1—9(vx+(
m m

2[U,—U(x)]
m

f(XvUXin 02) = fo(vox 1Uy-vz)

1/2
xe(vx+( ) ) (Xg<X<X;). €]

Notice that the velocity distribution &, is the same as &  where 3=m/(2T,), andny and T, are the density and tem-
since U(x,)=U(xp). Consequently, the phase-space distri-perature(the latter in energy unijsassociated with the full-
bution function for particles between andx,, is similar to  Maxwellian velocity distributionf,(v). For the potential en-
that given by Eq(4). Itis ergy profile shown in Fig. (), the phase-space distribution

function is given by Eq(3). For half-Maxwellian injected
2[U,— U(x)]) 1’2) particles, the phase-space distribution is

f(x,vx,vy,vz)=f0(v(,x,vy,vz)6(vx+( m

3/2 ) ‘//Ox 1/2
(X, <x<xp). (9 f(x,v)=n0(;) e Pt vx—(?) , (11
For the three potential energy profiles shown in Fig. 1, the

planar particle source located s is now considered to in- \yhare Yox=[Uo—U(X)]/To. The particle density, particle

ject particles having a half-Maxwellian velocity distribution. ¢,,x normalized temperature, and energy flux are
The half-Maxwellian velocity distribution is ' '

3/2 5
e 770 (vy), (10 n=f f d% = 2noG1(iox), (12

fO(V)e(Ux):nO(

v
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Ny 1 (24 ox)NoTo
F=jvfd‘°’v= : 13 =—mfvzvfd3v=—. 15
T 2B8[[v?f d% [ [u,f d3)? Here, G,(x) = e*erfc(yX), where erfc is the complementary
To 3| Jfd% 7 d% error function. _ o
For the potential energy profile shown in Figb}, the
2\ oyl 7 2 phase-space distribution function is given by E@b. and
=1+ - 2 (14 (5). with half-Maxwellian particles injected &, the distri-
3G1(¥ox) 37[G1(¥ox)] , . : ;
bution function, density, flux, normalized temperature, and
and energy flux are
|
B\ 3?2 'r//mx)llz)
—_ —Bv _l/’xo
no<ﬂ_ e Olv,+ 3 (Xo<X<Xqp)
f(x,v)= (16)
B\ L
no(; e Bv wxoe Uy— Bm)( (Xm<X<Xn),
5 No€ Im0G,(hmy)  (Xo<X<Xm)
n= 1 (17)
E No€ meGl( ‘/’mx) (Xm<X<Xn),
p oo (18)
2\mB "’
1 2\ myl T 2 (Xe<X<Xe)
- X< X< X
T 3Ga(¢m) 37 Go(Pmd]” P "
7. (19
0 2\l T 2
1+ 5 (X <X<Xp),
3G1(¥my) 37 G1(¢my]
and
2+ NoToe™ ¥mo
_ (24 dmdNoTo 20

2\mB ’

where ,0=[U(X) =Ugl/ To, ¢mx=[Um= U1 To, $hno=[Um—Uol/ To, andGy(x) = e erfc(— ).
With half-Maxwellian particles injected at, into the potential energy profile shown in Figc), the phase-space distri-
bution function is given by Eq<8) and (9). Since the velocity distribution at any location betwegrandx, occupies two
separate velocity regions, a separate temperature can be associated with each. In order to evaluate the normalized temperature
the phase-space distribution function given by Ej, which describes particles moving in the positivairection, is used.
The density, flux, and energy flux are found using the phase-space distribution function given 8) Bqd(9). The relations
are

3 12 12 172
nO(E) e—Bu2+¢0x 1—9(Ux+ &) )e((@) _vx) e(l}x+ @() ) (Xo<X<X)
_ ™ B B B
f(x,v)= g\¥2 AREL. (21)
nO(;) e_‘Bv _‘/’xoe UX+ %() (Xr<X<Xn),
Nol G1(%ox) —3€ "G (Pn)]  (Xg<X<X,)
n=41 (22)
Enoe nOGZ('r/fnx) (Xr<X<Xn),
—n
_ Dot ™ (23)

2\wB



55 BOUNDARY CONDITIONS INCLUDING SHEAT ... 1863

2o/ 0 5
T 1+ 361(1,[/0)()_ 37T[Gl(¢ox)]2 (X0<X<Xryvx>0)
B (24
’ N )
 3Gy(Ynx) 37 Ga(Yin (X <X<Xp),
and
— (24 Ynx)NgToe™ ¥no .

2|8

IIl. PRESHEATH AND SHEATH DESCRIPTION

The relations describing plasma electrons, plasma ions, and surface-emitted electrons within the presheath and sheath are
obtained directly from the expressions presented in Sec. Il and are listed below. The notation used is as follows. Location
subscriptsp—edge-plasma—presheath interfalberpresheath-sheath interfage;—electric potential minimum;,—the loca-
tion in Fig. 2c) where the electric potential equals thatxgt(x, is not shown in Fig. 2 s—sheath-surface interface; and
x—Ilocation along thex coordinate. Two adjacent location subscripts means the difference in values at the two locations. For
example,¢,= ¢m— . Particle subscriptse—plasma electronsg—plasma ions; and—surface-emitted electrons. Sym-
bols: ¢—the electric potentiale—the unit charge; and—the ion charge state. Definitiong,=m./(2T0); Bi=mi/(2T,);

Bs=Me/ (2Tss); he=UelTpe=—€dITpe; thi=Ui/T,=ZedlTyi; and ys=U J/Tss= —ed/Ts;s.

Plasma electrons within the potential profile shown in Fig) 2are described by

o 3/2 ) wsxe 1/2
fe(x,v):npe(?) e P IxpeD | v, + 5 ) , (26)
1 _
nezz Npe€ l//Sper(‘/’stv (27)
npee7¢spe
—pe 28
© 2(mBe 29
Te .. 2\pexdd ™ 2 29
Tpe 3Go(hsxe) 3T Gyl 'psxe)]Z,
and
_(2+ YsxdNpeTpee” e (30
R .
2\7Be
Plasma electrons within the potential profiles shown in Figls) @nd Zc) are described by
B.\¥2 2 Yol 12
npe(?) e Be Ixped vyt K (Xp<X<Xm)
fe(X,v)= " 2 (3D
n (&) eBeUZpree(U —(lﬂmxe) ) (X <X<X)
pel X IBe m s/
] :[ ENpee MGk (Xp<X<Xp) -
© [ ENpee PGy (Pnyd  (Xm<X<Xs),
N,ee~ Ympe
Fom o, 33
° 2B, %9
1- 2 ¢mxe/w_ 2 (Xp<X<Xpn)
T 3G2(‘/’mxe) 377[62( 'r//mxe)]2 P m
= (34)
pe 2\ Ymyel T 2
1+ (Xm<X<Xg),

3G1(¥mxd  3T[G1(Phmxo )2
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and
_ (2+ ‘ﬂmxe)npeTpee_ Ympe
¢ 2\7Be .
Plasma ions within the potential profiles shown in Fig®) 2nd 2Zb) are described by

B\P o Yoxi| M2
fi(x,v)=npi(;> e Biv *”pxne(vx—( [Zi ) ,

1
n; :E npiGl( 'ﬂpxi),

Npi
2\mpB;’
Ti 2\/lﬂpxi/7T 2

T 1 36,00 37(G1 (U0 12

Fi:

and

Qi 2B,

Plasma ions within the potential profile shown in Figc)2are described by

302 A2 12 )
O o ST [
fixw)= ARE , Do) M2
npi<?') e Biv wxpie(vXJr ,BSIXI) ) (X, <X<Xg),

.= npi[Gl(‘ppxi)_%e_%piGl(wsxi)] (Xp<x<xr)
L Enpie UG ek) (X <X<Xs),

e _npie*‘ﬁspi
I 2\/7Tﬁi ,
2\ lﬂpxi/’ﬁ 2

1+

3G (Ppxi) SW[GI(‘/’pxi)]Z (Xp<X<X;,v5>0)

i 2\ ‘;[/Sxi/ﬂ- 2

 3Gy(sx) 37 Ga(tsx)]?

(X, <X<Xg),

and

_ (2+ @bsxi)npiTpie_ Vspi

Qi 2 VB

1/2
) ) (Xp<X<X;)

(39

(36)

(37

(38)

(39

(40

(41)

(42

(43

(44)

(45

For the description of surface-emitted electrons, particle and energy fluxes are defined as positive in thexndatitien.

Surface-emitted electrons within the potential profile shown in Fig). @&re described by

B\ . Vo) 12
fa(X,V):nsa(f) e fo wsx‘se(vx_('g(ﬁ ,

1
ﬂ5=§ NssG1(¥sxs),

(46)

(47)
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S (49)
5_—1
2\/WB5
T 2 / 2
To_ 4. Psxslm . (49)
Tss 3Gl(¢sx5) 37T[Gl( 'ﬂsx&)]
and
(24 Psys)NssTss
Q=X %0 5% (50
2\/7T,85
Surface-emitted electrons within the potential profiles shown in Fig@s.&hd Zc) are described by
312 1/2
nsa(& eﬁévz‘//xsﬁe(vx— ( lp;;ﬁ) ) (Xp<X<Xm)
fs(x,v)= (51)
ﬁﬁ 3/2 ) w s 1/2
ns&(?) e P’ gy + —EJ) (Xm<X<Xs),
Ingse™ YmsG Xy < X< X))
n,= 12 sd i 1(1/’mx6) ( p m (52)
3Ngs€ me&GZ(‘//mxﬁ) (Xm<X<XS),
nsﬁe*l/’msé
Foy=——, (53
2\/’7TB5
1+ 2 lﬂmx(s/W_ 2 (X, <X<Xpm)
T, 3G1(¢mxs) 37 G1(thmxs)1° P m
= (54)
8o 2\ l//mX§/7T 2
1- - 5 (X <X<Xg),
3G2(¥mxs)  3TLGo(thmxs) ]
|
and ST 2,60 a8 mse F e
¥ Per Nl Gl(l//mse) "¥mse
(2+ Pmxs)NssTss€™ s
= . 55 3+44r 3+4
Qﬁ 2\/7735 ( ) e_E/r meEE 62 dE
(14 Vr hmsee)? (1+e)
(57)

Secondary electron emission occurs when an electron
strikes a material surface and causes an ejection of one @rovides a suitable relation for secondary electron emission
more electrons from the surface. This emission process i29].
characterized by the electron emission coefficiénthich The gross flux of emitted electrons at the material surface,
equals the average ratio of electrons emitted from the surfadegs. IS given by Eq.(48). Consequently, the source density
to electrons incident on the surface. A relation for secondarf surface-emitted electrons is

electron emission suitable for a plasma-facing surface when P -
space-charge saturation is not present within the sheath is Ns5=2VmBsFgs- (58)
[29] For secondary electron emission,

Fgs= 6Fe, (59

S(To)= 2.60max [~ €'%(2+3e)e” " de, (56 WhereF is the net flux of plasma electrori@hich is the
pe Jard Jo (1+¢€)? ’ same at any location with the presheath and shesattking
the surface. Note that the return of secondary electrons to the
surface within a space-charge saturated sheath is not consid-
where r=0.72T ,J/ E oy, and dyac and E,, are material- — ered to result in additional secondary electron emission. Only
dependent constantéValues for 8, and E, are found, plasma electronévhich normally will have much larger en-
for example, in Ref[31].) When space-charge saturation is ergies which strike the surface are considered to produce
present within the sheath, secondary electrons. For thermionic electron emission, the
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gross electron flux leaving the surface is given by theprofiles using Eqs(27), (28), (32), (33), (37), (42), (47),
Richardson-Dushman equation, (52), and(61). Substituting fora the right-hand sides from

Egs.(63)—(65 id
Fos=ATS,e T, (Go A (697(69) provides

where® is the work function of the plasma-facing surface at 2peVspe
temperatureTgs; and A is a material-dependent constant. en. (1- 5)<
(Values forA are found, for example, in Reff32].) In order be

to use the same description for both secondary electron emis- 5
sion and thermionic electron emission, E¢58) and (59) - \/—— Gi1(tsxs), (66)
can be combined to give o

n
i

1/2
) Gl( ¢pxi) - GZ( ¢sx9)

n55:2\ 7TB56Fe, (61) 2 e‘»bmpe 1/2
P :(1_53_%"55)(2) Gl(¢pxi)_62(¢mx¢9
where, for thermionic electrons, €Npe Ti
ATgée_(I’/Tsﬁ o —y
o=—""— 62 — = e "m9G(mxs), (67)
F (62 e mx
should be used while for secondary electrons, E58). and 9 1o
57) are suitable. permpe _ 7 -
57  —(1-se wms&)(;) [26%501G(Yip) — G|
be i

IV. EVALUATION OF THE SHEATH s
AND PRESHEATH POTENTIALS -
_GZ( wmxg_ e l//ms(sGl( ¢mx5)a (68)

A number of conditions are implemented in order to o

evaluate the sheath and presheath potentials. The first two

conditions are that the total current density to the electricallywhere 7,=T5/T,.. The second condition, zero charge den-
floating surface is zertfor a steady-state solutiprand that  sity at the presheath-sheath interface, requires the right-hand
the charge density at the presheath-sheath interface is zewides of the above relations to equal zera,at This is writ-
The third condition is that the spatial integral of the chargeten as

density in the presheath is zero. This requires the presheath

to be globally quasineutral. It should be noted, however, that " 5

a manifestation of the presheath model used here is that the U _

presheath is not locally quasineutral except at the presheath- (1= 5)(2) G1(Ppoi) = G spe + \/_7'—5 Ga1(¥ss),

sheath interface. The fourth condition, which applies only (69)
when space-charge saturation takes place within the sheath,

is that the electric field at the electric potential minimum is "

zero. _

The first condition, zero current density, requires (1-de wmg)(;> Ga(ppi)

ZF;=F.,—F4. With Egs.(28), (33), (39), (43), (48), (53),

and (61), this condition provides the relations S —y
=G2(mbe) + \/_— e~ 'm9Gy(mps),  (70)

” 1/2 Ts
azewspe(l—5)(;) , (63
I and
7\ 2
a=e Ymp1— e~ ‘”msé)(:) , (64) o
d (1—56_"/”“5‘5)(;) [2675PiG 1 (pbi) — G1(Wspi)]
an i
7\ 2 s,
a=e’sp Ympq 1 — S~ wmsa)(;) , (65) = Go(mbe + \/_7_—5 e "mG(Pmbs)- (73)

which correspond to the potential profiles shown in Figs.
2(a), 2(b), and Zc), respectively. Hereg=2Zn,/ny. is a pa-
rameter called the neutralization facf@l], »=m;/m,, and
T = Tpi/TDE'

In order to implement the second and third conditions, th

The third condition, that the spatial integral of the charge
density in the presheath is zero, requires zero electric fields
at x, and x,,. With no electric fields at the edge-plasma—
éaresheath interface and at the presheath-sheath interface, it

charge densityp=e(Zn,—n,—n,) betweenx, and x, is can be showrisee, for example, Eq36) of Ref. [22]] that

& — ; ¥pe _
needed. The charge density can be written as a set of threfeszpd‘ﬁ_o or, equwalently,fwzepdzjfxe—0. Consequently,
relations in terms ofx corresponding to the three potential with Egs.(66)—(68), the third condition requires



55 BOUNDARY CONDITIONS INCLUDING SHEAT ... 1867

(1—5)(3)1/7%66 o tte= [ " Calmotinet = [ Catusity (72
T, Voo I\ Ppxi xe ¢pe 2\ ¥sx xe \/T—,s Voo 1\ ¥Psxé. xes
y 7\ Y2 [ ¥oe e 5 e
(1—oe™ ¥ms) ? f Gl(‘ﬂpxi)dwxe:f Go(mxedifyet ——€ ¢mS§f G1(#mxs) dihxe, (73
[ Ype Upe \/7-—6 ¥pe

1/2
(1— e~ tf/mss) ( ;7])

‘// e l// e
Ze‘bspifwb Gl(lﬂpxi)dlﬂxe_f ’ Gl(wsxi)d’ﬂxe}

pe Upe

Ype o pe
= f Go(fmxddifyet =€ ‘/’mssf G1(¥mxs)dihxe- (74)
pe \/T—B pe

Since the electric field is zero at the presheath-sheath interface, the fourth condition, which requires the electric field at the
electric potential minimum to be zero, is equivalent to requiring the spatial integral of the charge density between the
presheath-sheath interface and the potential minimum to be zero. Hence the fourth condition is similar to the third except that
it applies only to the profiles shown in Figgb2 and Zc) and that it applies betweeg, andx,,. Using Eqs(67) and(68) for
the charge density betweey andx,,, the fourth condition requires

(1— e~ Vms)

n 172 ¥me ¥me o _ ¥me
j}/} Gl(‘/’pxi)dwxe:J GZ(‘/’mxe)d‘ﬂxe'*'\/_T—ﬁe ‘ﬂms&f G1(#mxs) e, (79

Ti be ¥pe be

s 7 1/2]
(1—56 ¥m )(?I)

‘ﬂme ‘/’me
2e"’spif Gl(‘//pxi)d‘/"xe_ fz/t Gl(’//sxi)d‘/"xe}

be be

‘pme 5 wme
= f GZ(‘//mxe)d‘//xe+ ——e '//ms‘?f Gl( 'pmxé)d(/fxe- (76)
¥pe \/7'—5 Ype

The integrals in Eqs(72)—(76) are given by the two in- under the condition/,,.= .. In order to determine the
definite integrals transition from the potential profile in Fig(l? to that in Fig.
2(c), Egs.(70), (73), and(75) are solved simultaneously for

1/2 ..
B S, e, and e under the condition)se= e
f G1(x)dx=G4(x) +2 ;) (77 Once the values for the normalized potentials are known,
the profile of the electric potential within the presheath and
and sheath is evaluated using Poisson’s equation. The procedure
is outlined in Ref[22]. Equation(39) of Ref.[22] is written
x| Y2 here as
Go(X)dx=Gy(X)—2| — (78
o " —-1/2
X _fi//xe f¢)’(e 2p((,//xe) qu’ d¢’
along with ;= — Zi/ 7; and 5=/ 75. The electric poten- Mow) Jupel Jupe  €Mpe Ve xe
tial at one location must also be defined. Hereafter, the elec-
tric potential at the presheath-sheath interface shall be de- (Xp<X<Xm), (79

fined as zeroy,=0. With ¢;,.=0, ¢, gives the normalized

sheath potential drofas a positive value for a monotonically Wherex,=0, A\p(p, is the Debye length in the edge plasma,
decreasing potentiahind i, gives the normalized presheath and 2p(ie)/(enye) is given by Eqs.(66)—(68). The inner
potential drop(as a negative val)e For a monotonically integral of this relation is evaluated in closed form while the
decreasing potenti@Fig. 2(a)], Eqgs.(69) and(72) are solved outer is evaluated numerically. The results are then inverted
simultaneously for the two unknown parametegg, and  to obtainys, as a function ok. Figure 2 shows actual self-
se. FOr a space-charge saturated sheath, the three unknownnsistent calculations of different electric potential profiles.
parametersy,e, ¥me, andyse are solved simultaneously us- [The vertical dimensions are different for each of the three
ing Egs.(70), (73), and (75) if the surface has a negative profiles shown in Fig. 2. The horizontal dimensions are the
floating potential with respect to the edge plasma and Eqsame, however, and the width of the curve in Fi¢g)ds
(72), (74), and (76) if the surface has a positive floating 27\p()]. The profiles are calculated for a thermaj=1)
potential. In order to determine the transition from the potenhydrogen(Z=1,7=1836 plasma which is bounded by an
tial profile in Fig. 4a) to that in Fig. Zb) (this transition electron-emitting surfacéwith 75=0.2). The profiles are
occurs at the onset of space-charge saturgtiBns. (70), shown in order of increasing values for the electron emission
(73), and(75) are solved simultaneously fd ., andys,  coefficient: =0 for Fig. Aa), 6=15 for Fig. 4b), and



1868 C. A. ORDONEZ 55

6=1000 for Fig. Zc). The values for the normalized poten- 3T

tials calculated for each of the profiles apg,=—0.34 and <U>2<>—<Ux>2zﬁ— 2(v?). (80)
se=2.5 for Fig. 2a); ¢,e=—0.43, #,e=0.29, and

Yse=—0.28 for Fig. 2b); and yppe=—0.53, Yne=0.31, and  The other boundary conditions are determined separately for
¥se=—1.1 for Fig. Zc). The onset of space-charge saturationp|asma electrons, plasma ions, and surface-emitted electrons.
occurs at6=0.88, yjpe=—0.43, andyine=se=0.29 while  (For surface-emitted electronss, ) s and(v2v,) ; are defined

the transition from a negative to a positive surface floatingys positive in the negative-direction) For the electric po-
potential occurs ab=31, ipe= thse= —0.43, andyne=0.29.  tentjal profile shown in Fig. @), the boundary conditions are

V. BOUNDARY CONDITIONS <U§>e: Te , (81
The boundary conditions provided in this section are eXse
those which occur at the presheath-sheath interface. This lo- I
cation is both quasineutral and electric-field-free. For brev- (0 )e= 2vy)e/m (82
ity, location subscripts are not used in this section since xe e'/'seerfc(—@'
guantities which were previously location dependent are now
only considered at the presheath-sheath interface. The (V20,)e=2(2+ hs (V) (Ve (83
boundary conditions at the presheath-sheath interface are the
pressure term& 2), (v 2), and(v 2) — (v,)?, the plasma flow T,
velocity (v,), and the energy flow terfv?v,). Using rela- <v§>i=F. (84
tions from Sec. Ill, the boundary conditions are written in iXpi
terms of the electron and ion plasma temperat(igsand 5
T,) at the presheath-sheath interface, the temperaflige (0,)i= V2(vy)ilm (85)
associated with electrons emitted at the plasma-facing sur- - etvierfo V) |
face, the ratia(7) of ion to electron plasma temperatures at
the edge plasma, the normalized presheath.), sheath (w,)i=2(2+ lr/fpi)<U§>i<Ux>iv (86)
(o), and minimum(y,e) potentials, the electron and ion
masses(m, and m;), and the ion charge stat&Z). Using Ts
relations in Sec. 1V, the normalized potentials are evaluated (v§)5=a, (87)
numerically and the values obtained are fit in term& pf; , €
the electron emission coefficiefi), which equals the ratio o
of surface-emitted electron flux to plasma electron flux inci- (v 2<Uy>5/77 (88)

o esserfo \ifss)

dent on the surface, the ratig) of ion-to-electron mass, and

the ratio (75 of the temperature associated with electrons
emitted at the surface to the electron plasma temperature and
the edge plasma. Of the three types of electric potential pro-
files shown in Fig. 2, the third is expected to be rare since, (v%0,) 5= 2(2+ he5)(v5) V) 5 (89
for 7,<0.1, the electron emission coefficient must be very

large, 5>10°, to produce the type of potential profile shown Where the following definitions are used:

in Fig. 2(c) (with 7,~1). For this reason, only boundary con-

ditions for the electric potential profiles shown in Fig$a)2 2\ el T 2

and 2b) are presented. Also, all calculations of normalized Xse=1— 3evseerfd — Vi) 3l elseerfd — i) 12
potentials are carried out using the samevalue, 75=0.01. A= Vyse) 37l A= Vel

This is appropriate since, far;<0.1, the normalized poten- ~In(2.5155"), (90)
tials are essentially independent gf
For use of the boundary conditions,is the only nonlocal N 2
parameter needed. The value fgrshould be evaluated at Xpi=1+ - Vil m - - 5
one of two possible locations depending on which of the two 3elrierfo i) 3l elrierfo\iyi)]

has a shorter path length to the wall surfaéite path length ~In(2 051[-0'01% (91)

should be along a magnetic field line if a magnetic field is T ’

present One location is an ion mean free path away from , _ _ .

the wall surface while the other location is where the maxi-/pi~ —Z¥pe/7i+ aNd Ye;=Teysd (ToXse). The approxima-

mum temperature occurs along the magnetic field line Thtlons for xse and xp; are accurate to within 2% for

first of these two locations applies when no magnetic fiéld id .1<_¢/15e<10 and 0.0¥,;<100, respe_ctlvely. For the_ nor-

present or when the source of presheath ions is predomr’pallzed sheath and presheath potentials, the following two
. L gy . éxpressions are recommended:

nantly either ionization or diffusion parallel to a magnetic

field; the second method applies when diffusion perpendicu- _ _ ~0.092,—0.4

lar to a magnetic field provides most of the presheath ions. Yse=In[0.27281-0) \/?77‘ 704, 92

Two of the boundary conditions, the second and third 71019
pressure terms, can be written in terms of another boundary Poe=—1In 1_4% _) T (93
condition, the first pressure term. They due)=(v 7) and P 7
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These expressions are fits to numerically determined values VI. DISCUSSION AND CONCLUDING SUMMARY
using the values 1, 10, and 100 times the proton-to-electron
mass ratio(1836 for #; 3, 1, and 3 fors ; 1, 2, and 3 foiZ;
and 0 and; for 8. The numerically determined values were

It is illustrative to consider the limit imposed on the net
surface-emitted electron current density as a result of space-

calculated using all possible combinationssgfr , Z, and s charge saturation. This limit is traditionally calculated using
[l ]

except combinations which simultaneously involvéd-1 the Child-Langmuir equatiofB5]
and 7=1836. The expressions fafs, and #,. agree to 4 [ 2e\12( eV32
within 4% and 7%, respectively, with the numerically deter- JCL=§ F) a
mined values. Notice that the relation for the sheath potential €

has the usual [iil—5)\7] dependence given elsewhere e Child-Langmuir equation is derived considering a planar
[33,34. i electron-emitting cathode situated a distaddeom a planar

~ The onset of space-charge saturation and the correspongnsde in vacuum. The magnitude of the potential difference
ing transition from a monotonically decreasing potentialpepyeen the cathode and anodevisThe derivation is car-
[e.g., Fig. 2a)] to a potential profile with a potential mini- ieq out employing a zero-electric-field boundary condition
mum [e.g., Fig. Zb)] takes place if the electron emission 4 the cathode surface. This boundary condition occurs at the
coefficient reaches a sufficiently large value. A suitable exynset of space-charge saturation. The Child-Langmuir equa-
pression which provides the value of the electron emissiofion can be applied to a plasma sheath adjacent to an electri-
coefficient at the transition between profiles is cally floating surface by setting equal to the sheath poten-

(97)

12 tial andd equal to a few Debye lengtf86]. This requires
S.=1— 7-7Ti0'1( _) ) (94) substituting V= —¢=Ttsd€ and  d=N\p(p
7 =N(€oTpe/Npee®) V2 into Eq. (97). The result is
This expression is a fit to values determined numerically for 4 (2T,.\12
the same combinations of, 7, andZ which were used for ‘]CL:W m—p> enpez/ng. (99
e

the i and ¢, fits. The & fit is remarkably accurate, being

within 0.1% of the numerically determined values. A relation which can be compared with E®8) is derived

If the electron emission coefficient, as determined using,y, combining Eqs(33), (53), and (61). UsingJ,=eF;, the
Eq. (56), for example, is larger tha,, boundary conditions ot cyrrent density of surface-emitted electrons traveling
associated with the potential profile shown in Figh)2 away from the surface is

should be used. For the potential profile shown in Figp),2

the boundary conditions are the same as those for Fa. 2 1 (2T..\12

except with subscrips replaced by subscripin. For the Js= ( P21 enyeoe (Ymel o el ot e o),
normalized sheath minimum and presheath potentials under 2w | me

space-charge saturation conditiditsg. 2(b)], the following (99)

two expressions are recommended: At the onset of space-charge saturatién,g. and¥se= ¥me-

Wime=IN(1.637%%Y (95) With &, ¢ine, andie given by Eqs(94)—(96) and using the
same combinations of values fgr 7 , andZ as used for the
and fits, Egs.(98) and(99) are found to agree to within 37% for
N=1.6. This value folN is about half the valu€N=3) used
Z\ 020 in Ref.[36]. The agreement between E¢88) and (99) for
pe=—In 1-5J<?i) . 90 the spectrum of values used fgr r, andZ is indicative of
the weak dependenc®, ¢, andy,, have ony, 7, andZ
These two expressions agree to within 5% and 6%, respeemder space-charge saturation conditions.
tively, with numerically determined values using the combi- Because the sheath theory developed in the present work
nations of#, 7, andZ used for thed, fit along with =48,  only considers an electrically floating plasma-facing material
and 10. Note that these expressions are independehfasf  surface, it is not suitable for evaluating the current limit due
6=4,. Thus a specific relation for the electron emission co-to space-charge saturation for a current-carrying cathode.
efficient under conditions of space-charge saturafiey.,  Other limitations of the present work are associated with the
Eq. (57)] is not needed for calculating the associated boundsimplifying assumptions used. For example, the effect of a
ary conditions. It should also be mentioned that trapping ofmagnetic field is not taken into account. Consequently, for
slow charge-exchange ions within the potential well sur-use with magnetized plasmas, the boundary conditions pre-
rounding the potential minimum has been found to be resented in Sec. V are suited to situations where the magnetic
sponsible for reducing space-charge saturaf®®. When field intersects a plasma-facing surface at normal incidence.
that is the case, it is probable that the sheath potential profil€his is not typically the casée.g., for fusion plasmasand a
is adequately described by using an effective electron emiduture extension of the theory is needed which incorporates
sion coefficient which is smaller than the actual one. If sothe effect of a magnetic field which has an oblique incidence.
then for situations in whicks>§;, the boundary conditions Another limitation of the present work is associated with
presented here are unaffected by ion trapping since thkw-temperature plasmas where large numbers of charge-
sheath minimum and presheath potentials are not dependesitchange reactions can occur in the edge plasma and where a
on é. Nevertheless, a more detailed study of the effects of iovariety of ion masses can simultaneously exist. Both of these
trapping on space-charge saturation appears warranted. effects can influence particle and energy transport through
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the presheath and sheath. If these two effects can be ignoredns, and surface-emitted electrons. These boundary condi-
then the boundary conditions given by E81)—(89) with  tions can be combined as needed for use in multifluid and
the normalized presheath and sheath potentials given by Egsingle-fluid (MHD) applications. The boundary conditions
(92) and(93) should be suitable for low-temperature plasmasare in terms of sheath and presheath potential drops and
where small values of the electron emission coefficient exissimple expressions have been provided for these potential
(6<8,). For a situation where plasma flows parallel to thedrops. Once the potential drop expressions are inserted into
plasma-facing surface, two conditions are necessary for thihe boundary conditions, the boundary conditions are in
boundary conditions to be suitable for use. First, the iorterms of the three species’ temperatures, the ion-to-
thermal speed should be much larger than the plasma flowlectron plasma temperature ratiy,the ion charge state,
speed. Second, the time scale over which plasma parametdtse ion-to-electron mass ratio, afl the electron emission
change adjacent to a plasma-facing material surface as a reeefficient.
sult of the plasma flow should be much larger than the sheath In order to determine the value éfat which the transition
time scale given by the inverse electron plasma frequency. bhetween the first two potential profiles occurs, the following
should be mentioned that the utility of the boundary condi-expression was developed,=1—7.7/"%/Z/5. This ex-
tions presented in Sec. V shall be more thoroughly exploregression gives the value of the electron emission coefficient
once they are incorporated into a computer program whichat the onset of space-charge saturation. &ai,, the fol-
simulates plasma procesg@y]. lowing expressions are recommended for the sheath and
In summary, a fully kinetic self-consistent theory capablepresheath potentials normalized to the electron-plasma tem-
of describing the plasma sheath under conditions of spacgerature: I[\O.27251—5)@7(0'0922’0'44] and 1{1.43@/
charge saturation has been presented. The phase-space disfj%1%9, For 5=¢,, recommended expressions for the nor-
bution functions for each species of particles have beemalized sheath minimum and presheath potentials are, re-
evaluated and velocity moments have been taken in order tepectively, I11.637,°°Y) and If1.51@Z/7;)%?%). The condi-
obtain particle densities, fluxes, temperatures, and energibns these expressions fé; and the normalized potential
fluxes. The electric potential profile has been determinegre expected to be suitable for are a temperature associated
self-consistently for three different types of profiles. Thesewith the emitted electrons which is less than one-tenth that

are a monotonically decreasing potential, a single-minimunissociated with the plasma electrons; <#3<3; 1<Z<3;
potential associated with a negative surface floating potenand 1836<7<100x1836.

tial, and a single-minimum potential associated with a posi-
tive surface floating potential. The electron emission require-
ments for production of the third potential profile were found
to be severe. For this reason, boundary conditions have been The author would like to thank Dr. R. E. Peterkin, Jr. of
provided only for the first two of the three potential profiles. the Air Force Phillips Laboratory for helpful discussions.
Boundary conditions on velocity moments have been supThis work was supported by the Air Force Office of Scien-
plied for three separate species: plasma electrons, plasntific Research.
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