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Abstract

The e�ect of electron emission on the potential distribution in the sheath and heat load on divertor plates has been

studied taking into account the occurrence of space charge limited conditions (SCLC) and its extreme case of a virtual

cathode under the existence of an oblique magnetic ®eld. Interactions among heat ¯ux from plasma, surface temper-

ature, and thermo-electron emission are simulated considering self-consistency among electron transport, deposited

heat and material thermal response for Be, C, Mo and W under the condition of plasma temperature Te � 40 eV,

plasma density n0 � 1019 mÿ3 and magnetic ®eld strength B � 2 T with an angle between magnetic ®eld and surface

a � 10°. At lower surface temperatures, secondary electron emission dominates the total electron emission, whereas

thermo-electron emission is superior at high surface temperatures. Both are promptly returned to the surface by an

oblique magnetic ®eld but the e�ect is more signi®cant on the secondary electrons. In order to attain the SCLC con-

dition, a substantial amount of thermo-electron emission (and hence higher surface temperature) is required. Heat ¯ux

from plasma and the surface temperature increase with time due to the increase of total electron emission. However,

once SCLC is attained, the heat ¯ux tends to saturate at a certain temperature. For C and W, with the aid of an oblique

magnetic ®eld, the SCLC condition is very likely maintained and consequently W surface would be free from the

melting. Be and Mo, on the other hand, the amount of emitted electrons does not seem enough to maintain the SCLC

and their surface temperature should be elevated. Ó 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

In order to avoid signi®cant erosion of low Z ma-

terials, large part of divertor is designed to be covered

by high Z materials such as Mo and W in ITER like

burning plasma machines [1]. It is well known that

electron emission from material surfaces plays a very

important role in the plasma±surface interaction and

in¯uences the boundary plasma accordingly. Electron

emission characteristics of high Z materials are quite

di�erent from that of low Z materials i.e., larger sec-

ondary emission coe�cients, higher average energy in

energy distribution of the secondary electrons, larger

re¯ection coe�cients and so on. Such di�erences in the

electron emission characteristics among the materials

should have certain in¯uence on the boundary plasma.

Basically a large amount of the electron emission is

expected to reduce the sheath potential. This should

result in the reduction of both the ion energy ¯ux to the

surface and the sputtering yield. Several tokamaks have

started to investigate the high Z impurity behavior in

their plasma and found that the plasma tolerates the
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high Z wall owing to the prompt return of sputtered

impurities by their gyromotion after ionization in an

oblique magnetic ®eld [2]. At the same time electron

¯ux to the target should be enhanced. As a result, a

local hot spot would be produced on the materials

surface emitting large amounts of thermal electrons.

Accordingly a virtual cathode would be formed just

in front of the surface. However, no systematic inves-

tigation on the electron emission has been, in our

knowledge, done until now, except some simulation

experiments [3±5].

Recently we have made a computer simulation on

the reduction of the e�ective secondary yields de(Ep)

(the number of secondary electrons passing through the

sheath from the wall surface per primary electron with

incident energy Ep) in the space charge limited condi-

tion (SCLC) by the prompt return of the secondary

electrons caused by their gyromotion in the oblique

magnetic ®eld [6]. The absolute number of the second-

ary electron emission coe�cient ce (ce � òde(Ep)f(Ep)

dEp/òf(Ep) dEp; the number of electrons returning to the

boundary plasma per primary electron with an incident

energy distribution f(Ep)) in SCLC has been presented

in Ref. [7]. However, the self-consistence among the

electron emission on heat load and material thermal

response in an oblique magnetic ®eld has not been

examined.

In the present work, the in¯uence of the electron

emission on the potential distribution in the sheath

and the heat load on the divertor plate has been

studied taking into account the occurrence of SCLC

and a virtual cathode. The interaction between heat

¯ux from the plasma and thermo-electron emitting

surface is simulated considering self-consistency

among electron transport in the sheath including

primary-, secondary- and thermo-electrons, deposited

heat and material thermal response for Be, C, Mo

and W as target materials. Fig. 1 schematically illus-

trates all phenomena considered here. Two quite

di�erent conditions of the magnetic ®eld, i.e., with

and without an oblique magnetic ®eld are compared

taking into account the occurrence of a virtual

cathode.

2. Model

2.1. The potential distribution in the sheath

To describe the potential distribution u(x) in the

plasma sheath considering the occurrence of a virtual

cathode near surface, we have modi®ed Poisson's

equation given in Ref. [6] by adding a parameter ee for

the initial energy of emitted electrons as

d2v

dn2
� ÿ 1�����������

1ÿ v
ei

q � 1ÿ c
1ÿ c

��������������������������
meei

mi�ÿvs � ee�
r� �

exp�v�

� c
1ÿ c

������������������������������
meei

mi�vÿ vs � ee�
r

; �1�

where v � eu/kTe is the normalized potential; Te the

plasma temperature; vs � eus/kTe, normalized sheath

potential; n � x/kD, normalized distance; kD � (e0kTe/

n0 e2)1=2, Debye length; eI � m2
0imi/2kTe, m0i is the mean

ion velocity in the x-direction at the sheath edge;

ee � m2
0eme/2kTe, m0e is the mean velocity of electrons

emitted from the surface.

The e�ective emission coe�cient c is de®ned as the

function of an e�ective electron emission coe�cient Ce

and an angle a between the magnetic ®eld and the target

surface (Fig. 1):

c � Ce

sin a� Ce�1ÿ sin a� : �2�

The e�ective electron emission coe�cient

Ce � ce � ct

1� ct

�3�

includes secondary electron emission coe�cient ce and

thermo-electron emission coe�cient ct � ktcj. The re-

ducing factor kt represents the suppression of the the-

rmo-electron emission by the negative electric ®eld of the

virtual cathode and the gyration in an oblique magnetic

®eld. We de®ne the coe�cient of the thermo-electron

emission in ordinary regime as cj � jt/en0m0i, where jt is

thermo-ionic current, and n0m0i as the average ion ¯ux

impinging to the surface. It should be noted that the

e�ective emission coe�cient c is dependent both on the

Fig. 1. Schematic illustration for all interactions considered in

the present simulation. Qe, Qe; Qrad, and Qth represent electron

heat ¯ux, ion heat ¯ux, radiative losses and heat ¯ux carried by

thermo-electrons, respectively. The total heat ¯ux Qtot is de®ned

as Qtot � Qe + Qi ÿ Qrad ÿ Qth.
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secondary and thermo-electron emissions and on the

magnetic ®eld angle a, because the oblique magnetic

®eld suppresses the emission ¯ux in the sheath and in-

creases electron density near the surface. The self-con-

sistent solution of Eq. (1) determines the potential

distribution u(x) in the sheath as a function of c as al-

ready described in Ref. [7].

When c exceeds the critical value of 0.905, a virtual

cathode is eventually formed in front of the surface,

where the electric ®eld becomes negative as shown in

Fig. 2. One should note that such a virtual cathode with

the negative electric ®eld is not stable. Because some

parts of the electrons emitted from the surface are re-

¯ected back to the surface by the negative potential hill

of the virtual cathode, which, consequently, makes the

electric ®eld on the surface return to zero (SCLC). The

height Du and location xh of the negative potential hill

are dependent on the initial energy of the emitted elec-

trons ee.

2.2. Electron emission

For the calculation, basic data of secondary electron

emission coe�cients, re¯ection coe�cients and energy

distribution of emitted electrons for Be, C, Mo and W

are the same as in Ref. [6]. Maxwellian velocity distri-

butions are assumed both for primary electrons and

thermo-electrons. The modi®ed Possion's Eq. (1) in the

sheath was solved numerically by the Runge±Kutta

method with an integration step automatically chosen to

ensure an error less than 10ÿ4kD. Simple mirror re¯ec-

tion was assumed for the energy and angular distribu-

tions of re¯ected electrons but their amount was reduced

by the re¯ection coe�cient. When the re¯ected electrons

are promptly returned to the surface due to their gyra-

tion, some of them are subsequently re¯ected or produce

secondary electrons depending on their energy (Fig. 1).

Calculations were made for 1 million primary electrons

having the Maxwellian velocity distribution modi®ed by

the sheath potential with a velocity component mx nor-

mal to the surface

dN�mx� � �men0=kTe� exp�ÿmem
2
x=2kTe�mx dmx: �4�

Since the thickness of the sheath could not be deter-

mined exactly, we took d� 5kD to take into account the

e�ects of high energy electrons. We have made addi-

tional calculations changing d from d� kD to d� 10kD,

and found that the results were not signi®cantly al-

tered.

The thermo-electron emission or current density jt

changes with surface temperature Ts and work function

ua of materials as represented by the Richardson±

Dushman equation

jt � AT 2
s exp�ÿua=kTs�: �5�

The temperature dependences of both Dushman's con-

stant A and work function ua are given in Ref. [8] based

on the experimental data for C, Mo, W in Refs. [9,10].

Thermo-electron emission becomes appreciable at tem-

peratures above 2000 K. Therefore, the thermo-electron

emission from Be having melting point at 1553 K is not

discussed in detail.

In an oblique magnetic ®eld, some of the thermo-

electrons return to the surface by gyration. The reducing

coe�cient kt (the number of electrons passing through

the sheath per emitted electrons) was calculated for

di�erent potential distributions by means of a transport

Fig. 2. Potential, electric ®eld, ion and electron distributions in

the sheath; dotted lines for ordinary regime (c � 0), broken

lines for the space±charge limitation (c � 0.905 and ee � 0)

and solid lines for a virtual cathode regime (c � 0.91 and

ee � 0.05), E0 � kTe/ekD.
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simulation of the thermo-electrons in the sheath. The

thermo-electrons are assumed to have a Maxwellian

velocity distribution with a velocity component mx nor-

mal to the surface.

dN�mx� � �meN=kTs� exp�ÿmem
2
x=2kTs�mx dmx; �6�

where N � jt/e and cos(h) dependence of the emission

angles (the angle h is respected to a surface normal). In

SCLC, kt decreases to the value of 0.67 owing to the

prompt return of the thermo-electrons by gyration.

Fig. 3(a) shows the e�ective electron emission coef-

®cient Ce as a function of surface temperature Ts with

various values of c for W under the condition of the

plasma temperature Te � 40 eV, and the plasma den-

sity n0 � 1019 mÿ3, the angle between the magnetic ®eld

and the target surface a � 10°. The dependence of Ce

on c is remarkable only for lower surface temperatures

Ts, because for low Ts the e�ective electron emission

coe�cient is dominated by secondary electrons, which

are strongly suppressed by the magnetic ®eld (by a factor

of more than 3), whereas at higher Ts, Ce is dominated

by the thermo-electron emission, for which prompt re-

turn is not so signi®cant (only a factor of 1.5 or less)

owing to their smaller energy. Fig. 3(b) shows the e�ect

of the angle a between the magnetic ®eld and the target

surface on the relation between Ce vs. Ts. As seen in the

®gure the signi®cant reduction of Ce becomes apprecia-

ble for a less than 20°. As already demonstrated in Ref.

[6], the dependence of c on a is not monotonic. With

decreasing a from 90° to 10°, c increases according to the

change in the magnetic ®eld strength itself (emitted ¯ux

suppression by magnetic ®eld or increase of electron

density near the surface). Below 10°, c is reduced by the

prompt return of the emitted electrons. In the following

calculations we, therefore, ®xed a at 10° with magnetic

®eld B � 2 T, plasma temperature Te � 40 eV, and

plasma density n0 � 1019 mÿ3.

2.3. Material thermal response

The thermal response of the plasma facing materials

is calculated by solving a time-dependent heat conduc-

tion equation. For simplicity, one-dimensional heat ¯ow

in the materials (with the in®nite thickness) is assumed

as given by

qcp

oT
ot
� o

ox
k
oT
ox

� �
; �7�

where x is the direction perpendicular to the surface, q
the density, cp the speci®c heat, and k the thermal con-

ductivity. The temperature dependence of the thermo-

physical properties are approximated by suitable ana-

lytical equations [11±16]. The time evolution of the

surface temperature can be given by the boundary

conditions as

ÿ k
oT
ox
�0; t� � Qtot: �8�

The total heat ¯ux Qtot includes the electron heat ¯ux Qe

and the ion heat ¯ux Qi from plasma, the radiative losses

Qrad and the heat ¯ux taken by thermo-electrons Qth

from the material surface:

Qtot � Qe � Qi ÿ Qrad ÿ Qth: �9�
The plasma heat ¯ux to the target is determined mainly

by the kinetic energy associated with impinging plasma

particles:

Qe � Qi � 2kBTe

1ÿ c
� kBTe

2
� eus

� �
n0

���������
kBTe

mi

r
sin a: �10�

This heat ¯ux decreases as sin a with decreasing mag-

netic ®eld angle a. For the radiative losses from the

surface we assumed Stefan±Boltzmann law

Qrad � reT 4; �11�
where r is the Stefan±Boltzmann constant, and as the

emissivity e is e � 0.2 for Be and Mo, e � 0.5 for C,

Fig. 3. Surface temperature dependence of e�ective electron

emission coe�cient Ce � �ce � ct�=�1� ct� for W on (a) various

e�ective emission coe�cient c and (b) various angle a between

magnetic ®eld and surface (Te � 40 eV, n0 � 1019 mÿ3).
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e � 0.4 for W [14]. The heat loss due to thermo-electron

emission can be given by

Qth � �ua � 2kBTs=e�kt jth sin a: �12�
Using the dependence of potential distribution in the

sheath and heat ¯uxes on Ge and c, we have determined

the time-dependent quantities self-consistently by an it-

erative process in each time step.

3. Results of self-consistent analysis

Fig. 4 shows the self-consistent e�ective emission

coe�cient c for C, Mo, and W as a function of the

surface temperature Ts, with and without an oblique

magnetic ®eld. The increase of c above 2500 K in all

materials is mainly due to the thermo-electron emission.

The ®gure clearly indicates that the e�ect of the mag-

netic ®eld, with which c exceeds the critical value of

0.905 at lower surface temperature compared to that

without magnetic ®eld or with magnetic ®eld perpen-

dicular to the surface. For example, in case with the

magnetic ®eld the surface temperature of Mo reaches

melting point (2900 K) for c � 0.76 instead of c � 0.9

without the magnetic ®eld.

As shown in Fig. 5, the responses of heat ¯uxes to

surface temperature through the e�ective emission co-

e�cient c, are also quite di�erent between the two cases.

In general, the electron heat ¯ux, Qe, increases with c,

whereas the ion heat ¯ux, Qi, decreases because the

sheath potential us decreases. The radiation, Qrad, and

the heat removal by thermo-electrons, Qth, increase with

Ts. However, the reduction of the total heat ¯ux with the

oblique magnetic ®eld is signi®cant, i.e., six times smaller

than that without the magnetic ®eld or with the mag-

netic ®eld perpendicular to the surface. In addition, in

SCLC with the oblique magnetic ®eld, the total heat ¯ux

Qtot saturates at a certain temperature and decreases at

higher temperatures due to the decrease of c, conse-

quently the SCLC condition is maintained (Fig. 5). Be,

C and Mo show very similar results. Time dependence of

the total heat ¯ux and surface temperature are illus-

trated in Fig. 6. The heat ¯ux from plasma, the domi-

nant part of which is brought by incident electrons, and

the surface temperature increase with time because of

the increase of c. One can see, the incubation time for

surface-temperature escalation is far longer with the

oblique magnetic ®eld than that without the magnetic

®eld for all materials (Be, C, Mo, W). Without the ob-

lique magnetic ®eld, only C shall su�er the occurrence of

SCLC without surface melting, and all others (Be, Mo

and W) will be melted without attaining the SCLC

conditions. The oblique magnetic ®eld, on the other

hand, suppresses electron emission and leads to SCLC.

Fig. 4. Self-consistent e�ective emission coe�cient c for C, Mo,

and W as a function of the surface temperature Ts with and

without an oblique magnetic ®eld (magnetic ®eld strength

B � 2 T, angle between magnetic ®eld and surface a � 10°,

plasma temperature Te � 40 eV, plasma density n0 � 1019

mÿ3).

Fig. 5. Self-consistent e�ective emission coe�cient c for W and

heat ¯uxes as a function of the surface temperature Ts for (a)

without and (b) with an oblique magnetic ®eld (B � 2 T,

a � 10°, Te � 40 eV, n0 � 1019 mÿ3).
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Thus, the surface of C and W will be sustained without

melting in SCLC. But Be and Mo cannot produce en-

ough amount of emitted electrons to attain SCLC and

would melt.

For simplicity we assumed that the plasma temper-

ature and density at the sheath are not in¯uenced by the

electron emission. We believe the present results are not

so much di�erent from the realistic solution. Neverthe-

less, development of more realistic self-consistent model

including the behavior of ions is necessary.

4. Conclusions

The present work is devoted to the simulation of the

interaction between heat ¯ux from plasma and conse-

quently emitted thermo-electrons from the surface under

the existence of an oblique magnetic ®eld, taking into

account the self-consistency among electron transport in

the sheath, deposited heat and material thermal response

for Be, C, Mo and W as the target materials.

Generally, a large amount of electron emission re-

sults in the SCLC condition and hence the heat load

from plasma can be reduced. For low surface tempera-

tures, secondary electron emission dominates the total

electron emission, whereas for high surface temperatures

thermo-electron emission is superior. Both are promptly

returned to the surface by an oblique magnetic ®eld and

the e�ect is more signi®cant on the secondary electron

emission. Therefore the SCLC condition is not likely

caused solely by the secondary electron emission but

thermo-electron emission (and hence higher surface

temperature) seems indispensable. At very high tem-

peratures, a virtual cathode would be eventually formed

but is not stable.

The heat ¯ux from the plasma, the dominant part of

which is brought by incident electrons, and surface

temperature increases with time because of the increase

of the e�ective electron emission coe�cient c. With in-

creasing surface temperature thermo-electron emission

becomes dominant, resulting SCLC with the aid of the

oblique magnetic ®eld. Without the oblique magnetic

®eld, only C shall be subjected to the SCLC condition,

and all others (Be, Mo and W) will melt before the at-

taining the SCLC conditions. Under the oblique mag-

netic ®eld, W will sustain the SCLC condition without

melting. But Be and Mo cannot produce enough amount

of emitted electrons to attain SCLC and would melt

down easily.
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