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Heat flows through plasma sheaths *
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Nagoya 464-01, Japan
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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 emission~TEE! and secondary electron emission~SEE!, 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 factord. An anomaly ofd in detached recombining
plasmas is discussed. ©1998 American Institute of Physics.@S1070-664X~98!90705-4#
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I. INTRODUCTION

Plasma heat flow to material surfaces critically depe
on the characteristics of the plasma sheath located betw
the plasma and the material surface. Recently, it has bec
crucially important for divertor physics in magnetic fusio
devices. It also has an important role in magnetohydro
namic ~MHD! generators, arc plasmas, and the re-entry
space vehicles into the atmosphere. However, it has n
been studied systematically in a comprehensive way.1 Here,
we would like to describe the key physics factors determ
ing heat flows to material surfaces through plasma shea

There are several key factors which determine the
ergy transmission through the sheath. The most impor
one is the electron emission from the material surface, ei
thermoelectron emission~TEE! or secondary electron emis
sion ~SEE!, because the sheath voltage~SV!, which is a po-
tential barrier for incoming plasma electrons, would
greatly reduced by it so that the thermal insulation may
come substantially low. The emission current may be re
lated by space charge effect in the sheath. However, it
never been given in an explicit form for arbitrary SV. SEE
enhanced by surface contamination; for example, hydro
in graphite, and grazing incidence of primary electrons. It
on the other hand, suppressed by the gyromotion of emi
electrons in an obliquely incident magnetic field. The oth
physical processes influencing the energy transmis
through the sheath are the ion reflection on the material
face, and the ponderomotive force~PF!. The latter modifies
the sheath and the presheath. Several nonlinear pheno
are associated with the above-mentioned physical proce
Bifurcation due to nonlinear relation of electron emission
the heat flow on the material surface, thermal contract

*Paper g TuaI 2-4 Bull. Am. Phys. Soc.42, 1877~1997!.
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induced by cross-field plasma potential variation, leading
a kind of hot spot formation.

In the next section, we briefly summarize the pres
understanding of the energy transmission through plas
sheaths in terms of energy transmission factord. The third
section is mainly devoted to the precise expression of sp
charge limited current through the plasma sheath. Using
expression, the nonlinear bifurcation phenomena, as we
thermal contraction, are formulated, and compared with
perimental results. The enhancement and suppression of
are also shown in the same section. Experimental obse
tion of d reduction due to ion reflection will be reported
the fourth section in which the theory on sheath or preshe
modification by PF will be given and some related expe
ments will be pointed out. In addition, the effect of collision
in the sheath ond is discussed in relation to the accura
measurement of plasma parameters near the material sur
Some conclusions and remaining problems will be given
the final section.

II. ENERGY TRANSMISSION FACTOR

We defined as a function of SV,f, by the ratio of the
plasma heat fluxq(f) onto the material surface to the ele
tron temperatureTe times the normal ion particle fluxj is

1/e
5nseCs :

d~f![
q~f!

Te~ j is
1/e!

5
2Ti10.5~Te1Ti !M

22ef

Te
~12Rie!M

1
ef i

Te
M12F S 11

Ti

Te
D S 2pme

mi
D G21/2

eF, ~1!

whereRie is the energy reflection coefficient of incident ion
f i is the ionization potential,F is the normalized sheath
1 © 1998 American Institute of Physics
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2152 Phys. Plasmas, Vol. 5, No. 5, May 1998 Takamura et al.
voltageef/Te , andM andnse are the Mach number of ion
flow velocity and the plasma density at the sheath edge.
latter is related to the upstream plasma density byn0

52nse. The first term comes from the ionic kinetic energ
the second one is the surface recombination energy, and
last term represents the electron kinetic energy.

The plasma sheath has intrinsically the role of therm
insulation of plasmas from the surrounding material surfa
The SV dependence ofd gives a minimum at close to th
floating voltage. The ion reflection decreases the incid
energy by 12Rie . Even when the plasma is very cold, th
residual energy release on the surface due to surface re
bination becomes substantial when the ion flux to the surf
is large as is encountered in a divertor target plate in reac
sized tokamaks,2 where the conservation of plasma press
along the magnetic-field line makes an increase in plas
density when the plasma is cooled down.3 It makes a require-
ment of decrease in ion flux due to volumetric recombinat
in plasmas.4

The electron emission decreases the SV, which incre
exponentially the electron incident energy due to the di
nution of potential barrier for plasma electrons. If we hav
rapidly oscillating electric field in the sheath or th
presheath, the ponderomotive potential may be added to
electrostatic potential, so that the electron influx to the s
face may be modified. Another factor influencingd would be
an ion-neutral collision in the sheath.

III. ELECTRON EMISSION FROM THE SURFACE

A. Secondary electron emission

Nonisothermal plasma (Te@Ti) gives the following SV

f5
Te

e
lnS MA2pme

mi
1

j em
2

~ense/4!A8Te /pme
D , ~2!

FIG. 1. Dependences of SV on the effective parallel temperature of
electrons. Solid line shows theoretical formula, Eq.~3!, without SEE, where
a is assumed 0.5. Dotted line is theoretically obtained by the floating c
dition using the correct expression for space charge limited current, Eq~5!.
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where j em
2 is the electron emission current from the surfac

The SV is proportional toTe . This proportionality is still
valid when we have two components, bulk electronsTe and
hot electronsTh , if the hot electron abundancea satisfies the
condition,a.(Teff /Th)

1/2(2pme /mi)
@12(Teff /Th)#/2:

f5
Th

e
lnF 1

a~12g! S Teff

Th

2pme

mi
D 1/2G , ~3!

where g is the SEE yield andTeff is defined by Teff
21

5(12a)Tc
211aTh

21. Figure 1 shows the experimentall
observed SV, compared to Eq.~3! with g50.5 A fairly good
agreement is obtained in the energy range with no SEE.
SV drops gradually in tungsten and rapidly in gold, depen
ing on each SEE yield. In the case of Au the space cha
limited SEE current gives a very low voltage almost ind
pendent ofTh , which will be discussed in the next subse

ot

-

FIG. 2. ~a! Comparison of observed SV at low and high target temperatu
with those theoretically obtained for pure carbon~solid line; gmax50.95 at
E5400 eV! and for an enhanced yield~dashed line,gmax51.4 due to hy-
drogen absorption!. ~b! Dependences of SV on the carbon surface tempe
ture in H2 and Ar plasmas.
icense or copyright, see http://pop.aip.org/pop/copyright.jsp
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2153Phys. Plasmas, Vol. 5, No. 5, May 1998 Takamura et al.
tion. Instead of metal, graphite, popular as a material for
first wall in fusion devices, has a rather complicated behav
as shown in Fig. 2. The hydrogen absorption gives a subs
tial increase in SEE due to the reduction of required ene
to make secondary electrons in the solid by the cascade
cess by more than a factor of 2 for hydrogen atom compa
with carbon.6 The hydrogen contribution to SEE was co
firmed either by removing hydrogen from the graphite w
an increase in the surface temperature or by testing
hydrogen-free argon plasma.7

The SEE is governed by the gyromotion of electro
emitted from the surface having a grazing incident magn
field. It makes the emitted electrons return to the surfa
although the sheath electric fieldE makes those electrons g
away from the surface and might break down the suppres
of SEE. Concerning the emission fractionF, over the param-
eter range in whichF changes rapidly,F is proportional to
the ratio of electrostatic to Lorentzian forces, or the ratio
E3B velocity to the emission velocity.F is plotted as a
function of the angleu between the magnetic-field line an
the surface normal in Fig. 3.8 Detailed angular dependence
observed SV for Au and W target plates are, respectiv
represented in Figs. 4~a! and 4~b!. At the Th below 65 eV,
the voltage is almost the same for both materials where th
are slow decreases off with u from 0° toward690°, indi-
cating the decrement of electron current compared with
ion current due to the decrease of effective perpendic
surface areaS cosu. The ion current does not decrease
much withu, owing to the finite Larmor radius. In a middl
range ofTh , 80–100 eV for W, a sharp drop in the voltag
with angle is attributed to the increase ofg by the oblique
incidence of primary electrons to the target. This is ve
much pronounced inTh of 75 eV for Au and 115 eV for W.
We note that a small increase inf is observed atu close to
90°, showing the suppression of SEE. The peak beco
very clear atTh5100 eV for Au, where the suppression
SEE overcomes the enhancement of SEE due to the ob
incidence of primary electrons.

FIG. 3. Dependence of the angleu on F when the structure of the electro
static and magnetic sheaths is taken into account.
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B. Space-charge limited current

The space-charge limited current in vacuum is descri
by the following Child–Langmuir~CL! expression: j CL

5(4«0/9)(2e/me)
1/2f1.5/d2, where d is the distance be-

tween two electrodes. If we apply CL equation in a plasm
d could be a sheath thickness which is a few times the De
length:d5klDe .9 It gives

j CL5
4nsee

9k2 S 2Te

me
D 1/2

F3/2. ~4!

In the electrically floated condition, the modified CL expre
sion gives a floating SV given by Hobbs and Wesson wh
we employk52.2.10 This is confirmed by one-dimensiona
particle simulation, givingk52.0– 2.6.11 Equation ~4! has
been successfully employed to explain the SV under the
lowing space-charge limited conditions: The cases in SE5

and TEE.12–15 However, it is not generally correct for arb
trary values of SV. It is necessary to analyze the electrost
structure in the sheath. The space-charge limited conditio
given by the zero electric field on the material surface or
the bottom of the virtual cathode for both SEE and TEE16

The analytical calculation gives the space-charge limited c
rent for cold ionsTi50 as follows:

FIG. 4. Dependences of SV on the angleu for ~a! Au and ~b! W targets
taking effective parallel temperature of hot electronsTh as a parameter.
icense or copyright, see http://pop.aip.org/pop/copyright.jsp
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j see
2 5

~2pF!1/2g

11g
nseeS 2Te

pme
D 1/2

~5!

where

g5@2b11~b1
224b0b2!1/2#/~2b2!, ~6!

b0524F222F~eF21!~eF23!,

b154~122eF!F218~eF21!F2~eF21!2, ~7!

b254F228F3.

This is shown in Fig. 5 by thick solid line as a normalize
form, wherej es

2 5ense@8Te /(pme)#1/2/4 is the random elec
tron current, and is compared with the modified CL equat
j CL for severalk values. Certainly, both values agree wi
each other fork52.2 aroundF;1, corresponding to a float
ing voltage under the space-charge limited condition. Exc
at this point, the modified CL equation is found to overes
mate the emission current.

When the emission current given by either SEE or
temperature-limited current

j em
2 5g j p or j em

2 5 j Tht
2 5AT2 expS 2

efW

kT D , ~8!

is exceeded by the space-charge limited current, the emis
current is given by Eq.~8! whereA is Dushman’s constant,T
is the surface temperature,fw is the work function of the
surface material, andg is the ratio of the emission current t
the primary electron current.

The ion current to the material surface is given byj i
1

5nseeMCs whereCs is the sound speed expressed as$(Te

1Ti)/mi%
1/2 ~sometimes we assumeTi50! and M is the

Mach number given by the following expression: In t
space-charge limited condition

M2>~11g!/@11g/~2F!#. ~9!

And in other cases,g should be replaced as follows:

g→0.5geF/A2pF. ~10!

The total current is described by

FIG. 5. Space charge limited current as a function of SV. It is compa
with modified Child–Langmuir expressions with several sheath thicknes
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11g S mi

2pme
D 1/2

eF

1S 11g

11g/~2F! D
1/2

, ~11!

in the space-charge limited condition. And in other regio
where we have the electron emission, the exchange give
Eq. ~10! should be done. Of course,g should be zero when
we have no electron emission. Figure 6 gives the curre
voltage characteristics in the case of TEE.

C. Nonlinear bifurcation

We consider the system modeled as consisting of a
form homogeneous plasma adjacent to the target plate he
to a sufficient temperature to emit thermoelectrons, wh
are accelerated across the sheath into the plasma. The
netic field is normal to the surface, and the charged partic
in the sheath is assumed to be collisionless. Power inpuPh

is introduced into the plasma cylinder with lengthL from the
discharge region. The plasma electrons are assumed to
the Boltzmann relation, and plasma ions are assumed t
cold. Thus, the SV is described by Eq.~2! where the emis-
sion currentj em

2 is given by Eq.~5! or Eq.~8!, depending on
the space-charge condition. The plasma heat flow to the
face Q5qS is determined mainly by the energy associat
with impinged plasma particles, Eq.~1!.

Plasma electrons have the power inputPh from the dis-
charge region and also the energy input by injection of th
moelectrons accelerated from the surface into the plasma
the other hand, they lose their energy by electron imp
ionization and by escaping to the surface from the plas
The radiation losses in the plasma is neglected here.
energy, 2Te2ef, is absorbed by the target plate. The tim
dependent energy balance equation for electrons in
plasma is thus written

neV
dTe

dt
5Ph2neVnA^sv& ief i2f j em

2 S

d
s.FIG. 6. Current-voltage characteristics for several surface temperature
W plate, where correct space-charge limited current is considered.
icense or copyright, see http://pop.aip.org/pop/copyright.jsp
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2
~2Te2ef!nse

4
SS 8Te

pme
D 1/2

eF. ~12!

The third term of the right-hand side is the energy input
injection of thermoelectrons into the plasma. HereV is the
plasma volume (V5SL) andnA is the neutral atom density

The time evolution of the surface temperature is giv
by

HdT/dt5Q2s«2ST42fWj em
2 S2Eaj a2S, ~13!

whereH is the heat capacity of the material,s is the Stefan–
Boltzmann constant,« is the emissivity,j a and Ea is the
atomic flux and the energy due to material sublimation.

These energy balance equations for the plasma and
material are coupled with the equations for the floating vo
age related to the emission current, so that we may ha
series of hysteresisS curves typical for bifurcation as show
in Fig. 7, in which we have two states, hot and cold. Expe
mentally, we have a sudden jump in the W surface temp
ture and a drop in the sheath voltage even when we incr
the plasma heat flow gradually in a continuous manner
shown in Fig. 8. When we decrease the plasma heat
after the transition to the hot state, it continues to be k
even after the plasma condition returns to the state co
sponding to the transition. In Fig. 8 the plasma density st
to decrease fromt545 min. We found that the central regio
of W sheet is melted down to make a hole.14 Figure 7 shows
that the plasma density at the sheath edge should be
above 1.531019 m23 to have a transition. However, th

FIG. 7. Analytically obtained bifurcationS curves for W plate temperature
T, plasma heat flux to the surfaceq, Te and SV as a function of the He
plasma density.A56.03105 A/~m2 K2!, fw54.54 eV, «50.4 and Rie

50.5.
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maximum plasma density in the upstream, 20 cm from
target where we obtained Fig. 8, is at most 0.531019 m23,
corresponding to below 0.331019 m23 at the sheath edge
There would be more than a factor of 5 discrepancy betw
the zero-dimensional~0D! analysis and the experiment.
should be noted that a clear hysteresisS curve has been
observed in a fundamental way by using a LaB6-made emit-
ting surface.9,13

D. Thermal contraction by cross-field plasma
potential variation

The zero-dimensional analysis cannot explain an ano
lous heat deposition, something like hot spot around
center.17 We have to investigate these things carefully. W
know that the energy transmission is very sensitive to
SV, especially on the low voltage side, which allows us
have an enormous electron energy flux. Sometimes, we h
a substantial potential variation across the magnetic field
plasma, while the conductive material has an equipoten
all over the surface, so that we may have a very great va
tion of SV.15 In our plasma device, a fairly deep hollow
structure of plasma potential is created due to the PIG~Pen-
ning ionization gauge! configuration for plasma production
as shown in Fig. 9~b! where the normalized hollow potentia
is F05210 at the bottom. It results in the relatively lowf
around the center having an excess electron heat flow,
the relatively highf at the periphery having an increased io
heat flow, as shown in Fig. 9~b!. When the plasma heat flow
near the center is large enough to generate the thermo
trons, the surface potential tends to decrease so that it
approach more closely to the plasma potential. This posi
feedback makes the transition mentioned in the previous s
section have a very hot area near the center, as show
Figs. 9 and 10, where the W sheet with the thickness of
mm is irradiated by the helium plasma, and the heat cond
tion on the surface is taken into account together with
heat balance Eq.~13! at every point over the surface. Th
space-charge limited current is correctly introduced here
ing Eq.~5!. The critical density for the transition obtained b

FIG. 8. The experimental results for plasma heat flow to W plate in
plasma. It is increased by increasing the source discharge current.t
524 min, corresponding toI p598 A, Vp5190 V, ne54.031018 m23, the
W plate is heated up to a temperature of 2600 K, sufficient for TEE, an
transition occurs. Fromt545 min the plasma heat flow is decreased grad
ally in time.
icense or copyright, see http://pop.aip.org/pop/copyright.jsp



-
pl

ex
a
n
re

st
e

id
d
e

a
ll

he
he
tie
ge

the

ld
of

ce
oad
nal

ns-

m
di-
nc-

-
F,
ith

ere
b-

al to
e-

n of
ll
t

2156 Phys. Plasmas, Vol. 5, No. 5, May 1998 Takamura et al.
the present one-dimensional~1D! model approaches the ex
perimental value shown in Fig. 8, compared with the sim
0D analysis. The transition occurs atnse;0.831019 m23 in
1D model while 0D analysis needsnse;1.631019 m23. The
discrepancy still existing between the 1D model and the
periment may be explained by the change in material ch
acteristics, such as work function, Dushman’s consta
emissivity, etc., due to the modification of microstructu
due to helium ion bombardment.14

IV. OTHER EFFECTS

A. Ion reflection

The ion reflection has a fairly important effect ond, as
described in Eq.~1!. High Z materials, like W, have largeRie

for hydrogen isotopes and He. This has never been te
under the plasma environment in a fundamental way exc
in our experiment, carried out by target biasing over a w
range of normalized SV under a careful experimental con
tions, where the plasma heat flow to the material was m
sured with a calibrated thermometer.18

A hydrogen or a helium bombardment on W gives
value of 0.46 or 0.43 forRie , respectively. They agree we
with the values given by empirical formula.19 On the other
hand, in the carbon target case, experimental values ofRie

are by a factor of 2 larger than that of empirical formula. T
reason for this difference is not understood fully, but t
surface contamination by a small account of metal impuri
might be one of the candidates. The hydrogen and oxy

FIG. 9. Horizontal profiles of~a! the ion and total heat flux densities as we
as the substrate temperature, and~b! the plasma ion and electron curren
densities, and TEE current density.F05210, nse50.831019 m23 and
Rie50.5.
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contamination was excluded by the hot condition due to
plasma heat flow.

B. Ponderomotive forces

An rf-induced, directed force near the surface wou
modify sheath-presheath formations. Some reductions
plasma heat flow to the surface would be expected.20 A
transport barrier for electrons just in front of the surfa
makes the heat deposition profile on the divertor plate br
since the heat deposition width on the surface is proportio
to the square root of the ratio of cross field to parallel tra
port coefficients.

1. Presheath modification 21

We assume a uniform~PF! ponderomotive forces on
electrons over the presheath region. That is,eE*
52dc/dx5const. wherec5e2^Erf

2&/(2mev
2) is the PF

potential. One-dimensional fluid theory with the momentu
balance equation for isothermal ions, coupled with the mo
fied Boltzmann relation, gives the plasma density as a fu
tion of M by introducing the intensity measure of PFa
[neE* /miCsnnA^sv& i . The numerator of the above defi
nition is the force density on ions through electrons by P
while the denominator is the ion momentum loss rate w
the ion fluid velocity ofCs per unit volume per unit time by
the ionization events. We getn(M )/n05(11aM1M2)21,
wheren0 is the plasma density at the stagnation point wh
M50. If we assumeM51 at the sheath edge, then we o
tain the sheath edge density,nse5n0 /(21a). The plasma
density at the sheath edge decreases inversely proportion
a whena is large. The potential profile is obtained by int

FIG. 10. Time evolutions of physical quantities under the same conditio
Fig. 9.
icense or copyright, see http://pop.aip.org/pop/copyright.jsp
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2157Phys. Plasmas, Vol. 5, No. 5, May 1998 Takamura et al.
grating the modified electron momentum balance equat
The relation betweenM and the normalized distanceX
5nA^sv& ix/Cs is obtained. Then, the presheath length
obtained by takingM51. It is of the order of the so-called
disturbance length, or collection lengthCs /nA^sv& i . The
potential structures over the presheath are shown in Fig
for several values ofTi . If the electrons are reflected back b
a strong PF, the ions should also be decelerated by the
trostatic potential, especially for warm ions, according to
charge neutrality in the presheath although the ion flow
locity at the sheath edge should beCs .

Thus, the possibility of a strong reduction of the ion flu
therefore the plasma heat flow, on the material surfac
demonstrated. Here, the ionic impact energy may also
decreased for reduction of sputtering by positively bias
the divertor plate, since the increase in electron heat flow
the positive biasing may be tolerable.

2. Sheath modification

The PF in rf sheath repels the electrons coming to
material surface. This has been really observed in the exp
ment on plasma-assisted bipolar arc,22 in which the superpo-
sition of rf field on dc voltage makes the arc initiation vo
age higher than that without rf.

In the following we attempt to include the effect of P
roughly in the conventional sheath theory. In order to ha
PF work well in the sheath, the rf excursion length of ele
trons should be smaller than the sheath widthx̃
5eErf /(mev

2)<klDe . On the other hand, the ponderom
tive potential should be high enough compared with the e
tron kinetic energy, that is,c>Te . The above two condi-
tions give an upper limit of plasma density for th
effectiveness of PF in the sheath,ne<(k2/2)(«0mev

2/e2).
For example, iff 52.45 GHz andk55, thenne<1018 m23.

A collisionless free-fall theory for cold ions (Ti50) is
employed with an initial velocity at the sheath edge,v0

5(2euf0u/mi)
1/2, wheref0(,0) corresponds to the effec

tive potential drop in the presheath. A modified Boltzma

FIG. 11. Profiles of electrostatic potential over the presheath witha51 for
several values ofTi /Te .
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relation ne(x)5nse exp@eb(f2f0)/Te# is assumed for elec
trons. The coefficientb corresponds to the multiplication
factor of the potential on electrons coming from PF. An i
tegration of Poisson’s equation gives, when we assu
df/dx50 at the sheath edge, the modified Bohm criteri
including the reduced sound velocityCs* :uf0u>Te /(2eb)
or v0>ATe /(mib)5Cs* . It is noted that the change inCs

by rf electric field is discussed in Ref. 23 by a differe
approach. Here, the electron kinetic motion decelerated
PF is the origin of reduction inCs . The floating condition
gives us the normalized SV, ln(A2pme /(bmi))/b. And
then,d becomes

d5
q~fsheath!

TenseATe /mi

52
efsheath

Te
S 1

b D 1/2

1
1

2 S 8mi

pme
D 1/2

expS ebfsheath

Te
D . ~14!

Figure 12 shows the normalized SV and the energy transm
sion factor as a function ofb. The strong PF substantiall
decreases the SV, resulting in a strong reduction of ion
pact energy, as well as the electron heat flow to the surf

We employ a simplified 1D formulation. A rectificatio
effect or, in other words, self-biasing, is usually importa
but is not taken into account. However, a clear reduction
the particle flux into a surface on which rf voltage is appli
is demonstrated experimentally as well as the transient
crease just after turn-off of rf. They are explained by t
above model.24

C. Anomalous energy transmission

It was postulated that the collision occurring inside t
sheath, which are usually neglected, may be importan
sheath formation,25 because~1! oblique field angles extend
sheath thickness to the scale of magnetic presheath;~2! high
neutral densities are present near divertor surface at s
point due to recycling; and~3! shallow angles lead to long

FIG. 12. Normalized sheath voltage and energy transmission factor
function of the measure of PF,b. Ti50 is assumed.
icense or copyright, see http://pop.aip.org/pop/copyright.jsp
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path lengths through high density region, increasing num
of collisions. Thus,d would decrease according to the int
grated neutral densities over the path length of ions and e
trons through the sheath.

On the other hand, the divertor probe current-volta
characteristics become increasingly distorted away from
simple exponential during the high recycling and detach
tokamak discharges. Under these collisional conditions,
ratio of the electron to ion saturation current is reduced
conventional single probe analysis overestimates the elec
temperature. It is proposed that such an overestimation o
due to the low electron to ion saturation current ratio m
account for earlier observations of apparently low values od
in DIII-D. 26 In the case of the joint European torus~JET!27

experiments, one would infer from the probes thatd58 at
low density and falls tod52 to 3 under high recycling
conditions.28

Such a reduction in the ratio of the electron to the i
saturation current has been observed for probes in our li
divertor plasma simulator NAGDIS-II to give a substant
overestimate of Te.29,30It means an apparent big reduction
d even under the normal incidence of magnetic field on
material surface. Therefore, more careful studies are nee
concerning the reduction ofd due to collisions inside the
sheath.

V. CONCLUSIONS AND FUTURE WORKS

We have considered the energy transmission thro
plasma sheaths in a comprehensive way, taking several
physics factors into account. But, of course, there are sev
problems remaining to be solved.~1! Concerning the sup
pression of electron emission due to the electron gyromo
around the obliquely incident magnetic field, the formula
space-charge limited current across the magnetic presh
should be invoked.~2! The response of material facing th
plasma should be considered self-consistently together
the cross-field heat transport when we have an elec
emission.31 A modification of material should be taken int
account for the electron emission in a variety of conditio
~3! Detailed investigation would be needed to identify t
reduction of d due to collisions within the sheath for a
obliquely incident magnetic field.~4! The energy transmis
sion through the rf sheath to the rf antenna or Faraday sc
is sometimes very important for heat deposition on thes
components. More detailed studies would be necessary.
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