Suppression of secondary electron emission from the material surfaces
with grazing incident magnetic field in the plasma
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Suppression of secondary electron emission from the material surfaces with an obliquely incident
magnetic field is demonstrated experimentally in a plasma containing hot electron$99&®
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Secondary electron emissidBEE is one of the most and, therefore, is quite appropriate for fundamental
important processes in plasma—surface interactions in fusioresearctf~® Contributions to the SEE from photons and ions
devices, flying objects in space, plasma processing, and sas well as of the field electron emission are negligible in such
on. In the scrape-off layefSOL) plasma of toroidal fusion a very low-temperature plasma with modest electron density.
devices with magnetic divertors, the magnetic field lines con- A group of hot electrons is generated by accelerating
nect to the divertor target plate with grazing incidence. Thethermoelectrons emitted from a LgBathode50x20¢ mm)

SEE decreases the sheath voltagieon the surface of the with a form of double spiral cylinder installed inside the
target plate so that the heat flux to the surface increases dgkamak vacuum chamber as shown in Fig. 1. The low gas
dropping the thermal insulation across the sheath. The emipressure ensures a successful electron acceleration without
ted cold electrons go upstream and cool down the plasmany discharge. Using an electrostatic energy analyzer, the hot
Therefore, the suppression of SEE substantially changes thadectrons thus produced were found to have a velocity distri-
SOL plasma energy balance, and influences the erosion propution approximated as a Maxwellian along the magnetic
erty of the target material and impurity contamination. How-field line with a cutoff corresponding to the biased voltage
ever, there has been no experimental demonstration on tHetween the cathode and the plasma potentials. The plasma
suppression of SEE coming from the electron gyromotiorpotential is changed little by the cathode biasing. The cutoff
around the grazing incident magnetic field lines, especially irenergy could mean almost the same total energy for all ac-
a plasma environment, in which a strong electric field assocelerated electrons. The distribution of parallel velocity
ciated with the plasma sheath accelerates the emitted elegomes from the fact that the electrons are emitted from the
tronsawayfrom the target surface. The electric field force in three-dimensional structure of the cathode surface with vari-
the sheath could be greater than the Lorentz force for thoseus angles, although the total energy should be the biasing
emitted secondary electrons and might break down the returyoltage. The effective temperature of hot electrofig, is

of them to the material surface. This is completely differentdetermined by the exponential decay slope of the parallel
from the condition of the electron beam experiment in a€lectron energy distribution. We should note that the distri-
vacuum. bution of parallel velocities is important for the plasma

We have investigated the orbits of emitted electrons insheath formation, although the total energy and the angle of
various conditions to estimate what fraction of them can esincidence decide the SEE yield. The hot electrons are local-

cape from the sheath region and if the electric field increaseiged inside a flux tube in the tokamak plasma since the rota-
the fraction® It is noted that some suppression should betional transform on the drift orbit determines the trajectories

observed at the anglé close to 90°, wherd is the angle of hot electrons. In this flux tube the hot electron abundance

between the surface normal and the magnetic field line, ag is about 40%—-50% of all electrons, weakly dependent of

shown in Fig. 1. A space charge effect on the electron emisTn, where the emission current from the cgthode is 20 A.

sion current through the sheath into the plasma, the so-callé¢/e note that the cross section of the tube is larger than the

virtual cathode effect, has been studied empiriéalgnd by ~ size of the target plates. o o

a particle in cell simulation codksince the sheath voltage, Two-component electrons will bring some complications

¢s, is critically influenced by the electron emission. for sheath voltage formula. However, when the condition
The experiment was done in the Current Sustaining Tok- 12 _

N1=(Teg/ T2
amak in Nagoya University, CSTN-III, with a high repetition a>(Tegt/Tn) *(2mme/m;) SR (1)
rate, 10 HZ The working gas was hydrogen with the low is gatisfied, the sheath voltage is given by the following

_5 .
pressure of &10 ~ Torr. The toroidal plasma current of 600 eqyation for the target with a normally incident magnetic
A with the toroidal magnetic field of 0.086 T gave us the fig|q:2

modest peak plasma density 0k10'> m~3. The bulk elec-

tron temperaturd . was about 10 eV, and the ion tempera- Th
ture was much lower than that of electrons. The high repeti- bs~— e In
tion mode of the present low-temperature tokamak device

ensures the technique of rapid sampling and averaging fawhere § is the sum of true SEE and backscattering, &pg
data processing. In addition, the plasma is very reproducibles defined byT #=(1—a)T; '+ aT; L. It shows an almost
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sheath voltage was quite good over many series of experi-
ments so that a sputtering due to the high negative sheath
voltage may clean the target surface. This meant that surface
contamination, like oxidization, did not create any serious
complications in the experiment. We should note that the
precision of setting the anglé between theB field line and
the target surface normal may vary a few degrees due to the
au rotation mechanics, surface flatness, the curvatui fiéld
Stainless steel lines, etc. Even the modest estimate gives the ratio of the
Insulator electric field force to the Lorentz force in the she&h B
w larger than 2 for the secondary electron’s energy of 10 eV
and the electron temperature of 10 eV. A possible lower
energy of secondary electrons and a higher electron tempera-
ture due to hot electrons could give a greater value for the
ratio.
linear increase of sheath voltage wilh,, as shown by a As described by Ed(2), ¢ should be a very good mea-
solid line in Fig. 2. Wheny increasesg, will approach zero.  sure of the electron emission. Figure 2 shows the sheath
It means that the SEE makeg small compared with the voltages on the surfaces of both metals with a normal inci-
value without SEE. Oppositely, when the SEE is suppressedience ofB field as a function ofT},. Here ¢ is defined as
¢s becomes large and approaches the value without SEkhe potential difference between the target and the plasma
The above inequality condition, E@L), is well satisfied in just in front of it. In the present case, the plasma potential is
the present experiment. very close to the chamber potential. Therefore, the target
We employed gold and tungsten for a target materialfioating potential with respect to the chamber potential is just
which have relatively high and lows, respectively, in the the sheath voltage. The solid line shows the dependence
energy range concerned, where SEE increases monotonica@wen by Eq.(2) with 6=0. Here, we assume a constant
with the electron energy. Thé reaches unity when it is 80 yalue of the hot electron populatian=0.5. Saturations and
eV for Au and 250 eV for W Both targets have the same sycceeding decreases iy, followed by linear increases
size, 5 mm in diameter, and were set back to back with &yjth T, , come from a contribution of SEE. The referente
vertical rotatable rod in between, as shown in Fig. 1. Thejyata for AJ° seem to be a little bit too large judging from
size is large enough for the emitted electrons to return to thg, experimental measurement on tfig dependence of
surface, which has been confirmed by the numerical orbigheath voltage. For the Au target a low but finitg after a
tracing? Evaporated Au was deposited on a stainless-ste&})harp drop was observed, approaching the dotted line ob-

target plate with a surface roughness of less than half a Minined from the space charge limited emission current,
cron; that is much smaller than the electron Larmor radius of — 33« 10_6¢51‘5/d2, whered is chosen to be)g, 2-4The

a few tens microns for emitted electrons with the energypepye lengthng, is calculated using o .

range of 1-10 eV. Moreover, the Au surface layer has a  petajled angular dependence ¢f for the Au and W

thickness of 20 microns, which is much greater than the few, et plates are, respectively, demonstrated in Figs.a®d

nanometers penetration depth of primary fast electrons intq,) The angled was changed from-180° to 180°. The

the solid surface layer. The reproducibility of the measureqange 90%|¢<180° means that the counterclockwise
streaming electrons and ions come into the target. However,
here we should concentrate the rang&00°<6<100° be-

FIG. 1. Schematic view of experimental arrangement.

250 cause of some complications due to the hot electrons scat-
5 : tered into the shadow region of the target. In our experimen-
;v, 200F tal condition the emitted electrons always feel an
& accelerating field away from the target surface during at least
& 150 the first gyromotion. The sheath thickness is larger than the
3 3 Larmor radius of secondary electrons. At the hot electron
Z 100} temperaturél, below 65 eV, the voltage is almost the same
= 3 for both materials where there are slow decreases; ofith
= 50F 6 from 0° toward+90°, indicating the decrement of electron
© [ ] current compared with the ion current due to the decrease of
1 effective perpendicular surface ar8cosé. Here S is the
0 20 40 60 80100120140 surface area of the target. The ion current does not decrease
Th [eV] as much withé, owing to the finite Larmor radius. In a

middle range ofT,,, 80 and 100 eV for W, a sharp drop in
FIG. 2. Dependencies of sheath voltage on the effective parallel temperatutie voltage with the angle is attributed to the increasé lnj

of hot electrons. Solid line shows theoretical formula, &), without SEE, ; . ;
5=0, wherea is assumed 0.5. Dotted line is theoretically obtained by thethe Ob“que incidence of primary electrons to the target plate

floating condition using the modified Child—Langmuir formula for space &S the SEE coefficient is usually inversely proportional to
charge limited emission current. cosé. This is very much pronounced iR, of 75 eV for Au
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FIG. 3. Dependencies of sheath voltage on the afdletween the surface
normal and the magnetic field line f¢a) golden and(b) tungsten targets
taking effective parallel temperature of hot electrons as a parameter.

and 115 eV for W. The orbit calculation has really shown an;

-90

0
6 [deq]

hot electrons is demonstrated for the first time in the plasma
environment under the condition that the sheath electric field
force is greater than the Lorentz force in the course of gyro-
motions for secondary electrons. Electron gyromotion
around the magnetic field line makes the emitted electrons
return to the surface, although the sheath electric field makes
those electrons go away from the surface and might break
down the suppression of SEE. The experiment also shows an
enhancement of SEE due to the oblique incidence of primary
electrons on the surface. As the angle of the surface normal
with respect to theB field line increases, the fraction of
grazing incident primary electrons was really found, in a
simple orbit tracing analysis, to increase.

In order to have a quantitative evaluation, it is necessary
to get a corrects using exact electron velocity distributions
in parallel as well as in perpendicular directions with respect
to the magnetic field line, together with the ratio of electron
to ion current to the inclined target plate, and the space
charge limited current. Those will be combined in the
plasma—sheath analysis to get an exact analytical angular
dependence, as well as the electron temperature dependen-
cies of sheath voltage for a normally incident magnetic field
on the target.
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