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Plasma heat flow to material surfaces through sheaths is studied, taking several key physics factors
into account. Electron emission from the surface, which breaks a thermal insulation of the sheath,
is studied in both thermoelectron emissi@EE) and secondary electron emissi@EE), in which

a correct expression under space charge limited condition is given for arbitrary sheath voltages.
Nonlinear thermal bifurcation induced by electron emission is analyzed in the experiment and the
theory. The local heat flow was found to be enhanced by a thermal contraction induced by
cross-field potential variation in a plasma. An enhancement of SEE of hydrogen-absorbed graphite,
and a suppression of SEE by the gyromotion of emitted electrons in obliquely incident magnetic
field are identified. The effects of ion reflection on the surface and ponderomotive force are also
discussed in terms of energy transmission facioAn anomaly of 6 in detached recombining
plasmas is discussed. ®998 American Institute of Physid$S1070-664X98)90705-4

I. INTRODUCTION induced by cross-field plasma potential variation, leading to
a kind of hot spot formation.

Plasma heat flow to material surfaces critically depends In the next section, we briefly summarize the present
on the characteristics of the plasma sheath located betweemderstanding of the energy transmission through plasma
the plasma and the material surface. Recently, it has becongheaths in terms of energy transmission faetomhe third
crucially important for divertor physics in magnetic fusion section is mainly devoted to the precise expression of space
devices. It also has an important role in magnetohydrodyeharge limited current through the plasma sheath. Using this
namic (MHD) generators, arc plasmas, and the re-entry ofexpression, the nonlinear bifurcation phenomena, as well as
space vehicles into the atmosphere. However, it has nevéhermal contraction, are formulated, and compared with ex-
been studied systematically in a comprehensive Wegre,  perimental results. The enhancement and suppression of SEE
we would like to describe the key physics factors determin-are also shown in the same section. Experimental observa-
ing heat flows to material surfaces through plasma sheathstion of & reduction due to ion reflection will be reported in

There are several key factors which determine the enthe fourth section in which the theory on sheath or presheath
ergy transmission through the sheath. The most importariodification by PF will be given and some related experi-
one is the electron emission from the material surface, eithghnents will be pointed out. In addition, the effect of collisions
thermoelectron emissiofTEE) or secondary electron emis- in the sheath ors is discussed in relation to the accurate
sion (SEB), because the sheath volta@®/), which is a po- measurement of plasma parameters near the material surface.
tential barrier for incoming plasma electrons, would beSome conclusions and remaining problems will be given in
greatly reduced by it so that the thermal insulation may bethe final section.
come substantially low. The emission current may be regu-
lated by space charge effect in the sheath. However, it has
never been given in an explicit form for arbitrary SV. SEE is Il. ENERGY TRANSMISSION FACTOR

enhanced by surface contamination; for example, hydrogen e defines as a function of SV, by the ratio of the
in graphite, and grazing incidence of primary electrons. It isplasma heat fluxj(¢#) onto the material surface to the elec-

on the other hand, suppressed by the gyromotion of emitteglon temperaturd’, times the normal ion particle fluk./e
electrons in an obliquely incident magnetic field. The other=n_C.:

physical processes influencing the energy transmission

through the sheath are the ion reflection on the material sur- S(d)= q{?)

face, and the ponderomotive for@@F. The latter modifies Te(jis/e)

the sheath and the presheath. Several nonlinear phenomena 2T +0.5To+ T)M2— e

are associated with the above-mentioned physical processes: (1-Rie)M
Bifurcation due to nonlinear relation of electron emission to Te
the heat flow on the material surface, thermal contraction ed. T.\[27m,| ]~ 12

+—=—M+2|| 1+ —|| — e’, (1

Te Te m;

*Paper g Tual 2-4 Bull. Am. Phys. So42, 1877(1997. . . . .. .
vai?ed %peaker. Y whgreRie is the energy refle'ct|on.coeff|C|ent of !nC|dent ions,
3Electronic mail: takamura@nuee.nagoya-u.ac.jp ¢; is the ionization potential® is the normalized sheath
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FIG. 1. Dependences of SV on the effective parallel temperature of hot T [eV]
electrons. Solid line shows theoretical formula, &), without SEE, where h
« is assumed 0.5. Dotted line is theoretically obtained by the floating con-
dition using the correct expression for space charge limited curren{5Eq. 350 T \Banss
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voltageed/T,, andM andng. are the Mach number of ion _'; 250 F 3
flow velocity and the plasma density at the sheath edge. Thu [ ]
latter is reIaFed to the upstream plasrr_la (_Jlen_sity Ry 8, 200 F P b
=2ng. The first term comes from the ionic kinetic energy, g [ ™ ]
the second one is the surface recombination energy, and th g 150k g 3
last term represents the electron kinetic energy. = F 20000% & 8 08 A ]
The plasma sheath has intrinsically the role of thermal ‘& 100 E ]
insulation of plasmas from the surrounding material surface. 2 t carbon ® T,=100eV (HPlasma) ]3
The SV dependence af gives a minimum at close to the ® g L target O T,=100eV (ArPlasma)
floating voltage. The ion reflection decreases the incident t & T,=60eV (HPlasma)
energy by +R;.. Even when the plasma is very cold, the (1 S T s *Vwes Fywwy Fvwws
residual energy release on the surface due to surface recon 300 500 700 900 1100
bination becomes substantial when the ion flux to the surface Surface temperature T [K]

is large as is encountered in a divertor target plate in reactor-
sized tokamak$ where the conservation of plasma pressure!G. 2. (8 Comparison of observed SV at low and high target temperatures

g ; : ; ith those theoretically obtained for pure carb@olid line; y,,,=0.95 at
along the magnetic-field line makes an increase in plasmgz 400 eV) and for an enhanced yiel@iashed lineym.=1.4 due to hy-

density when the Pla_sma is cooled dowmma!(es arequire-  grogen absorption (b) Dependences of SV on the carbon surface tempera-
ment of decrease in ion flux due to volumetric recombinationure in H, and Ar plasmas.

in plasmag’

The electron emission decreases the SV, which increases
exponentially the electron incident energy due to the dimiyherej_ is the electron emission current from the surface.
nution of potential barrier for plasma electrons. If we have arhe Sv is proportional tdl,. This proportionality is still
rapidly oscillating electric field in the sheath or the yglid when we have two components, bulk electrdgsand

presheath, the ponderomotive potential may be added to thest electrond,,, if the hot electron abundaneesatisfies the
electrostatic potential, so that the electron influx to the surgondition, a> (T /Tp) Y42 7me /m;) (1~ (Tert T2

face may be modified. Another factor influencidigvould be

172
an ion-neutral collision in the sheath. b To| L [ Ten2mme @
e |la(l=-y\Ty m ’
where y is the SEE yield andT.; is defined by T,
lll. ELECTRON EMISSION FROM THE SURFACE =(1—a)T '+aT, . Figure 1 shows the experimentally

observed SV, compared to E@) with y=0.2 A fairly good

_ _ ) agreement is obtained in the energy range with no SEE. The
Nonisothermal plasmaTe>T;) gives the following SV sv drops gradually in tungsten and rapidly in gold, depend-
iom ing on each SEE yield. In the case of Au the space charge

Te 2mme e . :
¢=—1In| M + , (2) limited SEE current gives a very low voltage almost inde-
e mi  (engd4)\8Te/mm,

i pendent ofT},, which will be discussed in the next subsec-

A. Secondary electron emission
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tion. Instead of metal, graphite, popular as a material for thez 150
first wall in fusion devices, has a rather complicated behaviors
as shown in Fig. 2. The hydrogen absorption gives a substar” 4 00
tial increase in SEE due to the reduction of required energys
to make secondary electrons in the solid by the cascade prcg
cess by more than a factor of 2 for hydrogen atom compareé; 5 S

with carbon® The hydrogen contribution to SEE was con-

firmed either by removing hydrogen from the graphite with 0
an increase in the surface temperature or by testing ir -180 -90 0 90 180
hydrogen-free argon plasma. 6 [deg]

The SEE is governed by the gyromotion of eIeCtIFonSFIG. 4. Dependences of SV on the angldor () Au and (b) W targets
emitted from the surface having a grazing incident magnetigaking effective parallel temperature of hot electrdijsas a parameter.
field. It makes the emitted electrons return to the surface,
although the sheath electric fieftlmakes those electrons go
away from the surface and might break down the suppressio
of SEE. Concerning the emission fractibn over the param-
eter range in whictF changes rapidlyF is proportional to The space-charge limited current in vacuum is described
the ratio of electrostatic to Lorentzian forces, or the ratio ofty the following Child—Langmuir(CL) expression:jc,
ExB velocity to the emission velocityF is plotted as a = (4£0/9)(2e/me)¢1%d? whered is the distance be-
function of the angled between the magnetic-field line and tween two electrodes. If we apply CL equation in a plasma,
the surface normal in Fig. 3Detailed angular dependence of d could be a sheath thickness which is a few times the Debye
observed SV for Au and W target plates are, respectivelyl,ength:d:k)\De-9 It gives
represented in Figs.(d and 4b). At the Ty, below 65 eV, 4 1/2

H - . nsee 2Te
the voltage is almost the same for both materials where there jel= gz (— D32, (4
are slow decreases @f with 6 from 0° toward=+90°, indi- Me

cating the decrement of electron current compared with thg, he electrically floated condition, the modified CL expres-

ion current due to the decrease of effective perpendiculagion gives a floating SV given by Hobbs and Wesson when
surface areés cosé. The ion current does not decrease asye employk=2.21° This is confirmed by one-dimensional

much with 6, owing to the finite Larmor radius. In a middle particle simulation, givingk=2.0—2.6"* Equation (4) has
range ofTy,, 80—100 eV for W, a sharp drop in the voltage peen successfully employed to explain the SV under the fol-
with angle is attributed to the increase pfoy the oblique  |owing space-charge limited conditions: The cases in SEE
incidence of primary electrons to the target. This is veryand TEE'>~*° However, it is not generally correct for arbi-
much pronounced iif,, of 75 eV for Au and 115 eV for W.  trary values of SV. It is necessary to analyze the electrostatic
We note that a small increase éhis observed ab close to  structure in the sheath. The space-charge limited condition is
90°, showing the suppression of SEE. The peak becomegiven by the zero electric field on the material surface or at
very clear atT,,=100 eV for Au, where the suppression of the bottom of the virtual cathode for both SEE and T£E.
SEE overcomes the enhancement of SEE due to the obliquEhe analytical calculation gives the space-charge limited cur-
incidence of primary electrons. rent for cold ionsT;=0 as follows:

B, Space-charge limited current
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FIG. 5. Space charge limited current as a function of SV. It is compared
with modified Child—Langmuir expressions with several sheath thicknessed:IG. 6. Current-voltage characteristics for several surface temperatures of
W plate, where correct space-charge limited current is considered.

o (_ ,n_q))l/Zg 2T 1/2 - e
Jsee™ 1+g se ﬂ_mee (5) ]t_ot:_ 1_2(_77(1))1/298 ¢ ( m; )1/2 6
jic 1+g 27mg
where
1+g 1/2
—T_ 2_ 1/
Bo=—4D%-20(e”-1)(e”-3), in the space-charge limited condition. And in other regions
Br=4(1—26%) D2+ 8(e®— 1) — (e 1)2, % where we have the electron emission, the exchange given by

Eq. (10) should be done. Of coursg,should be zero when
Bo=4P?—8P3, we have no electron emission. Figure 6 gives the current-

. N i L ) voltage characteristics in the case of TEE.
This is shown in Fig. 5 by thick solid line as a normalized

form, wherej _.=en,J 8T./(7m)1¥%4 is the random elec-

tron current, and is compared Wlth the modified CL equation. \sniinear bifurcation

jcL for severalk values. Certainly, both values agree with

each other fok= 2.2 aroundd~ 1, corresponding to a float- We consider the system modeled as consisting of a uni-
ing voltage under the space-charge limited condition. Excepiorm homogeneous plasma adjacent to the target plate heated
at this point, the modified CL equation is found to overesti-to a sufficient temperature to emit thermoelectrons, which

mate the emission current. are accelerated across the sheath into the plasma. The mag-
When the emission current given by either SEE or thenetic field is normal to the surface, and the charged particles
temperature-limited current in the sheath is assumed to be collisionless. Power iRgut
is introduced into the plasma cylinder with lengtHrom the

L . L edw i i
Jom=7Yip OF jom=iTn= AT2 exr{ _ ) ®) discharge region. The plasma electrqns are assumed to obey
KT the Boltzmann relation, and plasma ions are assumed to be

is exceeded by the space-charge limited current, the emissic?r,?ld' Thus, the SV is described by @ where the emis-

current is given by Eq8) whereA is Dushman’s constar, sion currentj gy is g“’e”_?y Eq.(5) or Eq.(8), depending on
is the surface temperature,, is the work function of the the space-charge condition. The plasma heat flow to the sur-

surface material, angt is the ratio of the emission current to fa_ceQ=_qS is determined _mamly by the energy associated
the primary electron current. with impinged plasma particles, EL). : .

The ion current to the material surface is given jgy Plasmg electrons have the power mBHtf_ro_m t_he dis-
~neeMC, whereC, is the sound speed expressed &, charge region and also the energy input b_y injection of ther-
+T)/m}2 (sometimes we assung=0) and M is the moelectrons accelerated from the surface into the plasma. On
Mach number given by the following expression: In thef[he. other hand, they Iqse their energy by electron impact
space-charge limited condition |on|zat|0p gnd by escaping to the surface from the plasma.

The radiation losses in the plasma is neglected here. The

M?=(1+g)/[1+g/(2D)]. 9 energy, Z.—ed¢, is absorbed by the target plate. The time-
dependent energy balance equation for electrons in the
plasma is thus written

g—0.5ye®/ (=7 ®. 10 dTe
NeV —°=Pp— NeVNa(ov)iedi— djenS

And in other casegy should be replaced as follows:

The total current is described by
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FIG. 8. The experimental results for plasma heat flow to W plate in He
oh 8 plasma. It is increased by increasing the source discharge currert. At
. =24 min, corresponding tb,=98 A, V,=190 V, n;=4.0x 10" m~3, the
= W plate is heated up to a temperature of 2600 K, sufficient for TEE, and a
> -10 46 @ transition occurs. Frorb=45 min the plasma heat flow is decreased gradu-
.y ally in time.
< 20} Ja &
-30F -2 maximum plasma density in the upstream, 20 cm from the
40 - - : . . 0 target where we obtained Fig. 8, is at mostX0®° m™3,
0.5 1 1.5 2 2.5 3 corresponding to below 0:310'° m™2 at the sheath edge.

There would be more than a factor of 5 discrepancy between
the zero-dimensionalOD) analysis and the experiment. It
FIG. 7. Analytically obtained bifurcatio curves for W plate temperature should be_ noted that a clear hystert_aSm:urve has be_en

T, plasma heat flux to the surfacg T, and SV as a function of the He Observed in a fundamental way by using a kaBade emit-

plasma density A=6.0x10° A/(M?K?), ¢,=4.54eV, e=0.4 andR,  ting surface?®
=05.

n, [10"°m™]

D. Thermal contraction by cross-field plasma
potential variation

(2Te_e¢)nse 8Te 12 ® . . . .
- 2 S( ) e”. (12 The zero-dimensional analysis cannot explain an anoma-
lous heat deposition, something like hot spot around the
The third term of the right-hand side is the energy input bycenter!’” We have to investigate these things carefully. We
injection of thermoelectrons into the plasma. Hetés the  know that the energy transmission is very sensitive to the
plasma volume Y =SL) andn, is the neutral atom density. SV, especially on the low voltage side, which allows us to
The time evolution of the surface temperature is givenhave an enormous electron energy flux. Sometimes, we have
by a substantial potential variation across the magnetic field in a
- . lasma, while the conductive material has an equipotential
HdT/dt=Q— 0£2ST'~ ¢yjenS—Eaja2S, 13 gll over the surface, so that we may have a verygre[;t varia-
whereH is the heat capacity of the materialjs the Stefan— tion of SV In our plasma device, a fairly deep hollow
Boltzmann constantg is the emissivity,j, and E, is the  structure of plasma potential is created due to the (Hén-
atomic flux and the energy due to material sublimation.  ning ionization gaugeconfiguration for plasma production,
These energy balance equations for the plasma and tres shown in Fig. @) where the normalized hollow potential
material are coupled with the equations for the floating volt-is ®,= —10 at the bottom. It results in the relatively log
age related to the emission current, so that we may have aound the center having an excess electron heat flow, and
series of hysteresiS curves typical for bifurcation as shown the relatively highg at the periphery having an increased ion
in Fig. 7, in which we have two states, hot and cold. Experi-heat flow, as shown in Fig.(8). When the plasma heat flow
mentally, we have a sudden jump in the W surface temperanear the center is large enough to generate the thermoelec-
ture and a drop in the sheath voltage even when we increasmns, the surface potential tends to decrease so that it may
the plasma heat flow gradually in a continuous manner aapproach more closely to the plasma potential. This positive
shown in Fig. 8. When we decrease the plasma heat flokeedback makes the transition mentioned in the previous sub-
after the transition to the hot state, it continues to be kepsection have a very hot area near the center, as shown in
even after the plasma condition returns to the state corre-igs. 9 and 10, where the W sheet with the thickness of 0.1
sponding to the transition. In Fig. 8 the plasma density startenm is irradiated by the helium plasma, and the heat conduc-
to decrease frort=45 min. We found that the central region tion on the surface is taken into account together with the
of W sheet is melted down to make a héfezigure 7 shows heat balance Eq13) at every point over the surface. The
that the plasma density at the sheath edge should be wedpace-charge limited current is correctly introduced here us-
above 1.%10°m~3 to have a transition. However, the ing Eq.(5). The critical density for the transition obtained by

M,
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FIG. 9. Horizontal profiles ofa) the ion and total heat flux densities as well
as the substrate temperature, gbyl the plasma ion and electron current FIG. 10. Time evolutions of physical quantities under the same condition of

densities, and TEE current densit,=—10, n,,=0.8x10"*m=2 and  Fig. 9.
Ri.=0.5.

contamination was excluded by the hot condition due to the

the present one-dimensiondlD) model approaches the ex- plasma heat fow.

perimental value shown in Fig. 8, compared with the simple .
0D analysis. The transition occurs mg,~0.8x 10 m=3in  B- Ponderomotive forces
1D model while 0D analysis needig~ 1.6 10° m~3, The An rf-induced, directed force near the surface would
discrepancy still existing between the 1D model and the exmodify sheath-presheath formations. Some reductions of
periment may be explained by the change in material charplasma heat flow to the surface would be expeéfed.
acteristics, such as work function, Dushman’s constantransport barrier for electrons just in front of the surface
emissivity, etc., due to the modification of microstructure makes the heat deposition profile on the divertor plate broad
due to helium ion bombardmettt. since the heat deposition width on the surface is proportional
to the square root of the ratio of cross field to parallel trans-
port coefficients.

IV. OTHER EFFECTS 21

1. Presheath modification

A. lon reflection We assume a uniforniPF) ponderomotive forces on
The ion reflection has a fairly important effect @has  electrons over the presheath region. That sE*
described in Eq(1). High Z materials, like W, have large;. = —dyldx=const. wherey=e*(E3)/(2m,w?) is the PF

for hydrogen isotopes and He. This has never been testgubtential. One-dimensional fluid theory with the momentum
under the plasma environment in a fundamental way excegialance equation for isothermal ions, coupled with the modi-
in our experiment, carried out by target biasing over a widdied Boltzmann relation, gives the plasma density as a func-
range of normalized SV under a careful experimental condition of M by introducing the intensity measure of RF
tions, where the plasma heat flow to the material was mea=neE*/m;,C,nna(ov);. The numerator of the above defi-
sured with a calibrated thermometé&r. nition is the force density on ions through electrons by PF,
A hydrogen or a helium bombardment on W gives awhile the denominator is the ion momentum loss rate with
value of 0.46 or 0.43 foR;., respectively. They agree well the ion fluid velocity ofC4 per unit volume per unit time by
with the values given by empirical formutd.On the other the ionization events. We ge{(M)/ny=(1+aM+M?)"1,
hand, in the carbon target case, experimental valud®;of whereng is the plasma density at the stagnation point where
are by a factor of 2 larger than that of empirical formula. TheM =0. If we assumeéM =1 at the sheath edge, then we ob-
reason for this difference is not understood fully, but thetain the sheath edge density;c=ny/(2+ ). The plasma
surface contamination by a small account of metal impuritieglensity at the sheath edge decreases inversely proportional to
might be one of the candidates. The hydrogen and oxygemn when « is large. The potential profile is obtained by inte-
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FIG. 11. Profiles of electrostatic potential over the presheath avitti for

FIG. 12. Normalized sheath voltage and energy transmission factor as a
several values of; /T,.

function of the measure of PIB. T;=0 is assumed.

grating the modified electron momentum balance equatior}'elationn
The relation betweerM and the normalized distanck
=nu(ov)ix/Cs is obtained. Then, the presheath length is
obtained by taking =1. It is of the order of the so-called
disturbance length, or collection lengts/na{ov);. The

potential structures over the presheath are shown in Fig. 1. cluding the reduced sound veloci? :| éo|=T./(2e8)

e ek gt = T.I(f)~C: s otd ia e change .
grr y By rf electric field is discussed in Ref. 23 by a different

gﬁ;:ggcn%%tt? Z;Eilf)/l ’irfstﬁgcgggzgma;?h'gﬂ;atﬁzoirgr']ngotl?l t\t‘:_approach. Here, the electron kinetic motion decelerated by
locity at the sheath edge should Be. PF is the origin of reduction il€s. The floating condition

L epe . . i i y l i .
Thus, the possibility of a strong reduction of the ion flux, gives us the normalized SV, lagmme/(fm;))/B. And

therefore the plasma heat flow, on the material surface ighen,&becomes

(X)=ng. exdeB(d— ¢p)/Te] is assumed for elec-
trons. The coefficien{ corresponds to the multiplication
factor of the potential on electrons coming from PF. An in-
tegration of Poisson’s equation gives, when we assume
$/dx=0 at the sheath edge, the modified Bohm criterion

demonstrated. Here, the ionic impact energy may also be A( Pspear) ebsheatn| 1|2
decreased for reduction of sputtering by positively biasing 6= = T (_)
the divertor plate, since the increase in electron heat flow by TeNseVTe/m, e \P
the positive biasing may be tolerable. 1(8m;\? eB dsheat
+-|—| e —j (14
2\ mmg Te

2. Sheath modification ) . .
The PF in rf sheath repels the electrons coming to theF|gure 12 shows the normalized SV and the energy transmis-

material surface. This has been really observed in the expens—Ion factor as a function of. The strong PF substantially

ment on plasma-assisted bipolar & which the superpo- decreases the SV, resulting in a strong reduction of ion im-
sition of rf field on dc voltage makes the arc initiation volt- pact energy, as we_ll as_t_he electron hea_t flow to the_ su_rface.
age higher than that without rf We employ a simplified 1D formulation. A rectification
g In ?he following we attemp.t to include the effect of PF effect or, in other words, self-biasing, is usually important
: i but is not taken into account. However, a clear reduction of
roughly in the conventional sheath theory. In order to hav

PF work well in the sheath, the rf excursion length of elecfe.the particle flux into a surface on which rf voltage is applied

trons should be smaller than the sheath widdh 'S demonstrated experimentally as well as the transient in-

— eE,/(M.w?) <K\p.. ON the other hand, the ponderomo- crease just after turn-off of rf. They are explained by the

4
tive potential should be high enough compared with the elec"-Jlbove modef!

tron kinetic energy, that isy=T,. The above two condi-
tions give an upper limit of plasma density for the
effectiveness of PF in the sheath,<(k?/2)(sqm.w?/€?). It was postulated that the collision occurring inside the
For example, iff =2.45 GHz anck=5, thenn, <10 m™3, sheath, which are usually neglected, may be important in
A collisionless free-fall theory for cold ionsT{(=0) is  sheath formatio® becauseg1) oblique field angles extend
employed with an initial velocity at the sheath edgg, sheath thickness to the scale of magnetic preshéatigh
= (2e| ¢o|/m;) Y2, where ¢o(<0) corresponds to the effec- neutral densities are present near divertor surface at strike
tive potential drop in the presheath. A modified Boltzmannpoint due to recycling; an@3) shallow angles lead to long

C. Anomalous energy transmission
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