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ABSTRACT

When a negative radial electric field is applied
externally around an electron beam neutralized critically
by passing through a neutral gas in a uniform magnetic
field, a radial electron current is produced after a Bohm-
likely enhanced mobility. 1In this state, the electron beam
is scattered with an "axially" enhanced collision up to a
few per cent of the radial Bohm collision (wce/l6). That
collision may be due to a fluctuating ion space charge left

behind by the radial enhanced electron current.



INTRODUCTION

It has been pointed out theoretically by Weinstockl
that a radial enhanced diffusion across a magnetic field B
is accompanied by an anomalous increase in axial electrical
resistivity or effective collision frequency along B. Ex-
perimentally, it has been reported from microwave conduc-
tivity measurements that the effective collision frequency
along B becomes as large as 10 times the electron-neutral
collision frequency in a turbulent positive column2 or a
diffusional plasma from RF discharge? Their turbulent
states across B are induced by a helical instability or a
drift dissipative instability while their neutral (He or Ne)
pressures drop near lO—2 mmHg .

Indirectly, the collective collisions between electron
beam and ions has been described theoretically4 by Buneman,
though a radial diffusion and a shielding effect of ion
electric fieldé due to background thermal electrons are not
discussed.

5 have been

Similarly, some plasma heating experiments
tried by injecting an electron beam along B into a neutral
gas. There, a radial electric field and electron current
across B are produced automatically through the beam space
charge and some instabilities while a high density plasma
above the beam density is generated. That is, plasma,
electric fields, instabilities and currents are produced

almost coincidently. Therefore, relations between their

parameters are not clarified analytically.



In this paper, an axially enhanced collision of an
electron beam passing through a characteristic plasma in a
uniform magnetic field B is investigated in relation with
a radially turbulent plasma state. The characteristic
plasma density at the center is nearly equal to the elec-
tron beam density, which decays radially across B. From
another standing point, the electron beam is neutralized
by thermal ions critically. The other remarkable point is
that a negative radial electric field across B is applied
externally to the characteristic plasma while a plus voltage
is given to the cylindrical chamber wall for the central
electron beam column earthed at the source.

Thus, first, the plasma turbulent state can be con~-
trolled by the voltage applied to the chamber wall. Second,
the radial enhanced collision frequency through the radial
electron mobility can be estimated easily from the radial
electron current corresponding to the applied voltage.
Third, the axial effective collision frequency can be esti-
mated from a reduction of the electron beam current along B
which determines a mean free path (since the beam velocity
is known from the accelerating voltage). Finally, a dif-
ference between the radial diffusion (ambipolar) and only
the radial electron flow (in ions confined radially) can be

clarified in relation with the axial enhanced collision.

THEORETICAL CONCEPTIONS

A drift instability is expected by a radial negative



field and electron current across B from the following
reasons: Each radial distribution of the electric field E,
or the current density j, is initially estimated by E, (r) =
VO/[an(R/rO)] « 1/r or j,(r) = Ilo/(ZNrL) « 1/r where VO,
R, ro IJ_O and L are the applied voltage, cylindrical cham-
ber radius, primary plasma column radius, radial total cur-
rent and a plasma length along B. Thus, a radial input
power density distribution j E, is estimated by j,E, « l/rz.
On the other hand, when the voltage VO is not applied, the
initial radial distribution of the plasma density n(r) has
been estimated from the ordinary diffusion theory6 by n(r)
« exp(-r/q) for r >> q where q is an e-folding length of
the plasma radial distribution. Therefore, a radial input
power distribution per particle is estimated by w(r) =
j,E,/n(r) « exp(r/q)/rz. Here, if r > 2q, we find that
ow/dr > 0 is satisfied. That is, an input power density per
particle is larger outside of the plasma column. From these
estimations, for a radial electron temperature (T) gradient,
we may assume 9T/dr > 0, if the input energy is determined
by a particle loss time along B which is independent of
radius. Thus, we can expect a drift wave growth condition7
from 9T/3r > 0 and the density gradient 3n/3r < 0 (always)
by d&n(T)/d&n(n) < 0.

From the drift instability, an enhanced effective col-
lision will generate for the radial direction across B,
whose frequency approaches to a corresponding cyclotron

angular frequency (Bohm-like collision). Then, the centrif-

ugal forces (mvg/r) of the azimuthal plasma rotation will



v
or

<< vv) even if the plasma is collisionless classically.

be neglected under a strong collision equilibrium (v

Moreover, if the electric field term (u,E,) becomes suf-
ficiently large compared with the diffusional term (D,Vn/n),
only electrons will move radially while ions are left be-
hind (and while another group of electrons is supplied
along B from the electron beam source). In this state,

a collisional azimuthal ion current may appear from a dif-
ference between the electron azimuthal drift velocity Voe
and the ion Voi Because the electron azimuthal motions
are reduced slightly by the radial motions v, = uy,E; where
U, is a radial electron mobility, if ion radial motion is

neglected near the central electron beam column. That is,

we can approximate v and v

ge g near the center, by

Voo =N UT— YR et

2’

Voo ® Uy = Eufg oo -c - (2)

’

where Vg is an azimuthal drift velocity. From egs.(l) and
(2), the ion azimuthal current density is estimated approx-

imately under v, >> v,, by

6

jex, = Een U{;,;-V&e)z Enq[zf(_%_)]:..(s)

Here, if the radial electron flows after a Bohm-likely
enhanced collision frequency (wce/lG) where Wog is an

electron cyclotron angular frequency, the radial electron



current density jle and the ion azimuthal current jei are

determined by, using v_,_/v6 A (wce/16)/wce = 1/16,

el =lemil = [en(22) |

e (4)
l{g = 60%1.//15' ’

(Foc] =l enzl | =] en(E2)E

.

Vi = ))3/32 =w, [tz

5 4

where m and e are an electron mass and charge. From these
expressions, it is considered that ion space charge fluctu-
ations are produced behind at an "effective" frequency up to
1/32 of the Bohm collision frequency wce/lG. This back-
ground ion charge fluctuations may scatter the electron beam

injected along B.
EXPERIMENTAL STUDY

A schematic of the apparatus is shown in Fig.l. A
cylindrical electron beam is produced along a uniform mag-
netic field B = 2 kG, which hés an energy of 1 keVv and a
current of 30 mA in a diameter of 8 mm. A neutralization
of the electron beam is adjusted through ionizations of
helium gas (He) fed between two anodes A1 and AZ' The

vacuum chamber consists of glass tubes of 10 cm in diameter

and a metal mesh tube M is inserted in the measuring region



between the anode A2 and an end target with a Faraday cup
FC of 16 mm in a diameter. The mesh tube M (10 cm¢) is
connected to an external dc power supply in order to pro-
duce a radial electric field between the chamber wall and
the electron beam column earthed through two anodes. Then,
two insulating plates Gl and G2 with each central hole are
inserted to avoide electrical shorts of the electrode sur-
faces across B. A length ¢of the measuring region along B
is 35 cm. A Langmuir probe is inserted at the middle point
of the measuring region, which is movable radially.

A standard neutral pressure between two anodes Al and
A2 is determined as P = 3.0 x 10~3 mmHg (beam energy loss
due to ionizations < 1 eV) under a neutralized condition
that the ionized ion density ny in the measuring region
(P <2 x 10_4 mm Hg) 1is nearly equal to the beam electron
density n, - The ion density is measured from the thermal
plasma density by the Langmuir probe characteristic on the
beam column surface, which corresponds to about n, & n

b v
2.0 x 108/cc for the electron beam current IO = 30 mA (the

AV
1 v

energy 1 keV and the cross-section 0.5 cm2). The thermal
electron (produced by the beam) temperature is about 16 eV
near the beam column, and the thermal electron current to
the end Faraday cup is negligible compared with the beam
electron current since Vth/vb < lO-l where Vin and v, are
the thermal electron velocity and the beam electron velocity.
Moreover, the thermal electron current component is cut by

a negative bias voltage (M =50 V) applied to the Faraday

cup. (The neutralization time8 due to the electron beam is



estimated about 0.5 pusec at P = 3.0 X 1073 mmHg) .

When a voltage Vo is applied to the chamber wall mesh M,
the ion density inside of the beam decreases abruptly if the
voltage polarity is minus. However, as shown in Fig.2, if
the polarity is plus, the ion density is kept above 1/2 of
the initial density even if the voltage increases up to the
beam accelerating voltage 1 kV. Then, the ion density
fluctuation increases up to én/n = 1.0 with the plus applied
voltage, whose frequency increases (towards the ion cyclo-
tron frequency woy = 760 kHz) also as shown in Fig.3. An
azimuthal mode in the ion fluctuation is observed at mg = 1,
which shows the azimuthal drift due to the negative radial
electric field and the axial magnetic field B.

The electron beam currents I(zo) to the end Faraday
cup are determined as shown in Fig.4 while the mesh applied
voltage Vo is varied at plus or minus sign. The electron
beam current under the minus sign is reduced critically
near the beam accelerating voltage after the ions are lost
almost as understood from Fig.2. On the other hand, the
electron beam current under the plus sign decreases mono-
tonously with the voltage while a radial electron current
AI, flows below 1/10 of a reduction AI, in the axial elec-
tron beam current. Radial wall potential distributions
are shown in Fig.5 (also, shown in Fig.17 of Appendix).
while the applied voltage is varied. It should be noted
that the wall potentials drop near the beam column never-
theless the applied potentials VO are plus, and that the

dropped regions of the wall potential are spread radially



with the plus applied voltages.

DISCUSSION

We can consider that the critical reduction of the
electron beam current under the minus applied voltage is
due to only an electro-static repelling potential. However,
in the case where the plus voltage is applied, the reduction
of the neutralized electron beam current is not explained
from the electro-static potential effect. Moreover, the
classical electron-ion or neutral collision mean free path
9 4

(A,; & 10

ei cm or Ae ~vo10

n X cm) is much longer than the

axial measuring region 35 cm.
Usually, the axial effective mean free path A for the

electron beam may be determined classically

I¢Z)=1,exp(-2z/2), - (6)

where I0 and I(zo) are an initially injected current (=
I(zo) at Vo = 0) and a reduced current (for Vo # 0) at the
end z, = L = 35 cm. Then, the axial collision frequency

Vugg 1S given by

)/uef - U;//\ s T o o(7)

where Vb is the electron beam velocity determined from the

accelerating voltage. From egs.(§) and (7), we obtain



Vies = Y -An {1, /1czb /70 o (%)

Using the present experimental conditions 2, = 35 cm,

~n 2.0 (as seen in Fig.4) at the applied voltage

[IO/I(ZO)]max v
9

VO = 900 V and the electron beam velocity Vp = 1.87 x 10
cm/sec at Vb = 1 keV, we obtain Vo Y 3.7 x 107/sec. This,
axial collision frequency much exceeds above the electron-
jon collision frequency V., < 1 Hz and electron-neutral

collision frequency V., < 105 Hz.

V]

on the other hand, the radial effective collision V, ¢
through the electron radial mobility ul can be estimated
from the radial electron current AI, if the radial electric
field is large sufficiently. The radial electron current
is estimated by AIL, = en(ro)vlsl(ro) where n(ro) and Sl(ro)
is an electron density and a surface area along B at the
beam column radius r = r,- Here, it is known experimentally
as shown in Fig.6 or (in Fig.16 of Appendix) that the radial
plasma density gradient outside of the beam column, decreases
below 1/R when the applied voltage increases (where R is a
chamber tube radius). Therefore, if the radial electric
field E, >> Ve/R where V is the electron temperature
(exactly, a radial component of the electron beam), the
radial electron velocity v, is determined by the electric
field E, and the radial electron mobility u, since the
radial electron pressure gradient term (diffusion term)
is neglected. That is, Vv, Y W,Ey. Experimentally, the

Y

approximation is allowed for |E,| >> 3 V/cm since V_ 16 eV

- 10 -



and R » 5 cm. Thus, experimentally, above the applied volt-

age Vo z 200 V, the radial electron current AI, is expressed

by

AT, =en(LI)M E S (L) , T (9)

Ao = AL/{e%(mELS_L(r,,)})-----(7)'

where Sl(ro) is given by 2ﬂr0L (L is the measuring region

length along B). Using the experimental conditions (AI,

-3
n 10

lO2 cm2) at Vo = 900 V, we obtain u, Y 1.5 x 10

A, n(ro) Ad 108/ccm E, » =50 V/cm and Sl(ro) v o8 X
3 cm2/V°sec.
On the other hand, if a Einstein relation is alowed, the

radial Bohm like enhanced mobility Hp is theoretically

estimated by

I I ok
My =Dy T =7 g (1)

where Dy means the Bohm diffusion coefficient. For the
present magnetic field B = 2 kG, we obtain Mg M3 X 103
cmz/V'sec. Thus, it is found that the experimental mobility
U, is near the Bohm like mobility UB’ Similarly, the radial
effective collision frequency is estimated to be Vief X 109/
sec from Vigg = ﬁ%:' The ratio between the axial and

radial effective collision v“ef/vlef is about 0.04 at VO =
900 V. Thus, we can find that an influence of the radial
enhanced collision appears also in the axial direction at

4%. The radially spread potential drop as seen in Fig.5

means a large scattering of beam electrons by the enhanced

- 11 -



collision v, along B.

ef
Usually, a deflection time of a charged test particle
is nearly equal to a slowing down time. This slowing down
effect along B is observed as a reflection of the electron
beam current. The current reflection is determined from the
current increments to the two anodes (Al, Az) currents
while the beam current to the end Faraday cup is reduced
by the applied voltage VO. For VO < 1000 Vv, about 80 % of
the reduced current AI, is reflected a8 the anode sides
currents.
Here, two relations between the radial current and the
reduced current AI, = Io - I(Zo) are estimated by a current
ratio o = AI,/AI, and a power ratio B = (AILVO)/(AIdVb),

where Vo and V, are the applied voltage and the beam ac-

b
celerating voltage. For VO < 1000 V, we observe that o )
1/12 and B < 1/12. From a current conservation, it is con-
sidered that AI, » (1 - y)AI, where vy is a reflection rate
of AI, (3 0.8 at the present experiment). That is, AT, /AT,
% (1-v). Thus, the current ratio a shows an absorption
rate of AI,.

Roughly, o is estimated by, from the current conserva-

tion,

AL

il

AI_L/AI” ~3 ean U_Z_ S_L(‘-n)
ean vy S, (1)

vieL/(yr), - (11)

I

where Yo and An are the electron beam radius and the elec-

- 12 -



. B 2
tron density at T and Sl(ro) = 21rLro and S"(ro) = Tr_.

Using the experimental conditions v, Ad 105 N 106 cm/sec,

Vp L2 X 109 cm/sec and 2L/rO vo2 X 102, we can estimate

to be a = l/lO2 n 1/10. However, for VO > 1000 V, the
current ratio a increases abruptly above 1.0 while the beam
current reduction AI, saturates. Moreover, the current
reflections to the two anodes cease. That means that AI,
increases independently of AI, for VO > 1000 V. This state
is connected with a radial discharge due to a residual
neutral gas, which is easily judged from the plasma density
increment and the plasma wall potential rising. Thus, it
is found that the applied voltage shows a collisional "grid

action" for the neutralized electron beam before a radial

discharge. Obviously, a restriction for Im.

in(Zo) = Uy -

)

AI,) . is given by I

min (Zo) >> AI, . Therefore, when I(ZO)

min
decreases near AI,, the grid action is not allowed. It
should be noted that the applied voltage sign is plus, and
that a large part of ions are confined.

A dependence of the axial collision frequency Vngg ON
the magnetic field B is understood from Figs.7 and 8. Using

eq. (8), we can estimate that v, is proportional to B and

ef

near a few per cent of wce/16. Next, a dependence of v"ef
on the electron beam energy is understood from Figs.9 and
10. As a result, the axial effective collision frequency

is nearly independent of the beam energy V because [vb-

bl
(ZO)}] is nearly constant since vy x V-

on the axial measuring

ln{Io/Imin

Similarly, a dependence of Vnag

region length (Zo) is investigated. Then, we find, as

- 13 -



shown in Fig.1ll that 2 Zn{Io/Imln(Zo)} is nearly constant

if Vb = const. Thus, the effective collision frequency
Vugs is independent of Zq also.

Experimentally, we find that the electron temperature
increases radially as shown in Fig.12, when v, is applied.
Therefore, it is considered that the instability which
produces the radial Bohm-likely enhanced mobility, is due
to a drift wave growth7 from a radial positive temperature
gradient 3T/3r > 0 (since the radial density gradient is
negative as demonstrated in Figs.6 or 16).

From this radial positive temperature gradient and the
ratio for the radial Bohm collision wce/l6, we may consider
a mechanism as described in "Theoretical Conceptions"”

Finally, within a = AI,/AI, < 1/10, a ratio I /Imln ZO)
between the initially injected current and a minimum current
at the end is investigated varying production methods of

neutralized electron beam as shown in Appendix. Then, we

- find under B = 1.0 kG as shown in the Appendix that the

current ratio Io/Imln(z ) is about 3.3 at Vb Ay 300 V and
Io = 0.6 A (nb N lO /cc). In this case, the neutralized

electron beam is produced from an electron beam like dis-
charge. As a result, we cna estimate a mean free path
and an effective collision frequency from eq.(8). That is,

A% 29 cm and v,

v = 3.3 x 107 /sec at ¥, & 300 V, while

ef b
the Bohm like collision frequency wce/l6 and the experi-
mental values vlef is about 109/sec. Thus, we find also,

independently of the current density and the neutralized

electron beam production methods, that the effective colli-

- 14 -



sion frequency increases up to a few per cent of the
Bohm-like collision within o = 1/10 ~ 1/30 and B = 1/10 ~
1/20. This result should be compared with the Buneman
instability where the effective collision frequency depends
on the electron beam density at (m/M)1/3mpe.

However, if the electron beam density ny decreases
abruptly as shown in Fig.13. This result may indicate that
interactions between ions and electrons are reduced at a
low density. (The Debye length at n = 107/cc and Ve = 15
eV is comparable with the electron beam diameter.)

The radial electric field E; must be sufficiently large
compared with the pressure gradient term Ve/q (Ve: electron
temperature in eV, gq: radial density e-folding length).
This condition is related with the mesh tube radius R where
the external voltage is applied. For R > 4 cm, E;, >> Ve/q
is satisfied experimentally. However, for R < 2.5 cm, the
electric field condition is not satisfied, because the
radial electric field drops abruptly while the thermal
electron current flows to the mesh tube, and o increases
above 1/4. They mean that the applied voltage Vo does not
operate for the beam as a powerless "grid action". For
this small mesh tube, the applied voltage VO operates
almost axially and some instabilities or large density
fluctuations are not observed (Sn/n < 0.2). Results for
the small radius tube may be compared with the electro-
static confinement9 which is based on repelling forces due
to a plus potential for ions and a minué for electrons.

The criterion E; >> Ve/q means that the radial plasma

- 15 -



diffusion must not be ambipolar and that, for E, < 0, ions
are left behind or driven for the center. Thus, this
mechanism which gives an axially enhanced collision to the
neutralized electron beam, is different from the Weinstock's
theory. His theory will be applied only to a radially and
axially diffusional plasma and a plasma in which an electron
stream is produced by the axial electric field Ez, that is,
a positive column. Obviously, in our experiments, the

axial electric field EZ is not present initially. Therefore,
the helical or screw type instability is not considered.
Similarly, since the electron-ion or neutral collision is
negligible classically, the drift dissipative instatility

is not considered also. -

The oscillation in the ion density is not always
turbulent, but nearly monochromatic. In typical experi-
mentslo and theoriesll on enhanced diffusion under a strong
turbulence, a monochromatic ion oscillation below Woi has
been observed and predicted. The characteristic oscillation
is determined by a balancell between a maximum ion wave
growth factor and a damping factor due to the ion enhanced
transport. In our experiment, as shown in Fig.3, an ion
oscillation below wci is observed also, which produces an

ion-electron effective collisoin frequency (v. On

1e)lef'

the other hand, the corresponding electron-ion collision

v
. e, 2
frequency is connected by (v Vi) (vie)lef' where

ei)lef -
Ve and v, are an electron and ion thermal velocity. The
(vei)lef is estimated from the radial electron mobility u,

through the radial electron current as defined in eq. (9').

- 16 -



. - 9
For the present experimental conditions, (v_;), ¢ v 107/sec
2

A 10™.

5 .
and (vie)lef Ad 107 /sec are reasonable since (ve/vi)

In conclusion, when a radial electron current flows
under a large negative electric field (E, >> Ve/q) produced
externally, a neutralized electron beam along B is much
scattered with an axially enhanced collision which approaches

up to a few percent of the radial Bohm-like collision.

- 17 -
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Fig.1l.

Fig.2.

Fig.3.

Fig.4.

Fig.5.

FIGURE CAPTIONS

Schematic diagram of apparatus. Al, A2: anodes.

K: cathode. Gl' Gy insulating plates. M: metal

mesh tube (10 cm¢). FC: end Faraday cup. P: probe.

VO: applied voltage. VB: negative bias voltage

(=20 ~ =50 V). Vb: beam accelerating voltage
(1 kv). B: uniform amgnetic field (2 kG).

Dependences of normalized ion density (n/no) on
applied voltages Vot (:) : plus VO. (:): minus

vV _.
o

Dependence of ion density fluctuation amplitude

(6n/n) and frequency (f) on applied voltage (plus)
vV .
o

Dependence of axial beam current I(ZO) to end
Faraday cup on applied voltage Vo or radial cur-

rent AI, (plus Vo). It initial beam current

(at V_ = 0). C): plus V. C): minus V.

Radial distributions of plasma wall potential Vi
for various applied voltages. r: radius at middle
point. (1) : VO = 0. (2): Vo = 450 V. (3): VO =

750 V. (4): Vv 1000 V. (5): VO = -300 V.

o]



Fig.6.

Fig.7.

Fig.8.

Fig.9.

Fig.10.

Dependence of normalized radial plasma density

distribution (n/no) on applied voltage Vo' I(ZO)

30 v 18 mA. B = 2.0 kG. r: radius.. (1) : VO

= 0. (2): Vo = 250 V. (3): VO = 500 V. (4):
Vo = 750 V (from ion saturation current to

Langmuir probe with -400 V bias). Vb = 1 kV.

Dependence of axial beam current I(Zo) on magnetic
field B. Io: initial beam current (at Vo = 0).

Vo: applied voltage. Vb: beam accelerating volt-
age. Blz 0.6 kG (Io = 18 mA). B

22 ma). B3: 1.8 kG (I0 = 29 mA).

9° 1.2 kG (IO.=

Dependence of axial current parameter £ on magnetic
field B (corresponding to Fig.7). & = Rh{IO/

_ 7
Imin(zo)}. Vagg = 5.4 x 10" E/sec.

Dependence of axial current I(ZO) on beam acceler-

ating voltage Vb at B = 1.0 kG. (1): Vb = 250 V
(Io = 4.4 mpA). (2): Vb = 500 V (Io = 9.7 mA).
(3): Vb = 1 kV (Io = 23.0 mA). (4): Vb = 1.5 kV

(IO = 38.0 ma).

Dependence of axial current parameter & on beam
accelerating voltage Vb (corresponding to Fig.9).

&€ = n{1 /I

_ 7
o’/ Tmin = 5,4 x 10 g/Vb/sec

(ZO)}. Vuas

(V..; kV).

b;

- 20 -



Fig.ll. Dependence of axial current parameter & on axial

measuring region length (Zo). Vb =1 kV. B =
2.0 kG. & = sLn{IO/Imin(zo)}. I, = 30 ma.
Fig.l12. Radial electron temperature distributions at

applied voltage Vo = 0 and Vo # 0. (1): VO = 0.

(2): Vo N 350 v. B = 1.0 kG. Vb = 1 kV. I(ZO)

= 24 v 18 mA.

Fig.13. Dependence of axial current parameter £ on beam

i

current IO. £ an{I /I

o min(zo)}' Voefr = 5.7 x

lO7 £/sec. Vb = 1.1 kv. B = 1.5 kG. n: beam

electron density.

Fig.l4. Experimental apparatus of Appendix, Sqv SZ:
slit electrodes (-300 V, 6 A). Cathode region
2

pressure: 1.2 x 10 “ mmHg in He. Measuring region

pressure: 3.5 x 1072 mmHg in He.

Fig.1l5. Dependence of axial current I(Zo) to end Faraday
cup on applied voltage Vo or radial current AI,
(Appendix) . IO: initial beam current. Magnetic

field B = 1.0 kG.

Fig.1l6. Dependence of relative radial plasma density dis-
tribution (n/no) on applied voltage Vo (Appendix) .
r: radisu. (1): Vo = 0. (2): Vg = 100 v. (3):
Vo = 200 V. (4): Vo = 400 V. B = 1.0 kG. I, =
0.6 A. V, n 300 V.
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Fig.1l7. Radial plasma wall potential distribution VW for
various applied voltage Vo ( Appendix). (1): Vo
= 0. (2):Vo=200 V. (3):V°=400 V. B =1.0

kG. Vb ~ 300 V. Io = 0.6 A.
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APPENDIX

A schematic of the neutralized electron beam source is
shown in Fig.l4. First, a dc discharge is fired between an
oxide cathode K and two slit electrodes S

and SZ' where

1
the gas (He) pressure is about 1.2 x 1072 mmHg and the dis-
charge current is about 6 A (at 40 V). Next, a high elec-
tron beam is produced between an anode A and a slit Sl
where the helium pressure is 3.5 X lO_4 mmHg and an acceler-
ating voltage (300 V) is kept automatically. The magnetic
field is uniform at B = 1.0 kG. Thus, a neutralized elec-
tron beam with an energy 300 eV and a current 0.6 A (0.8

4

cm$) is injected into the measuring region (v 3.0 x 10~

mmHg in He) as shown in Fig.1l4-,

- Al -
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