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Argon plasmas were produced in a modified multipole plasma device in which the electrons in
the two plasmas were isolated by a hemispherical center grid biased negatively. Whenever ion
beams are caused to stream from the driver plasma into the target plasma, an additional cold
group of Maxwellian electrons were observed in the target plasma. The objective of this paper
is to explore the properties of this double-beam plasma (DP) device. Hopefully, this
information would provide a reason for the appearance of the cold electron group. To this end,
measurements were made of the ion beam densities, energies, and ion temperatures at various

axial distances from the hemispheric’s separating grid. Similarly, movable Langmuir probes
and hot emissive probes were used to measure the corresponding electron temperatures,
densities, and plasma potentials. All that can be said is that these data would suggest that the
additional cold group of electrons could result from the interaction of the ion beam with the
target electrons in the path of the ion beam. These cold electrons appear to ride along with the
ion beam since they are detected throughout the target plasma, since the cold group of

electrons are found everywhere in the target plasma.

. INTRODUCTION

The main objective of this paper is to call attention to
some low-energy ion beam research and its connection to
what was formerly called gaseous electronics in the 1930s
and 1940s. This almost classical investigation has resulted in
the observation of a low-energy group of electrons in a plas-
ma that contains a focal point. In addition, we illustrate the
kind of diagnostic equipment used in this type of investiga-
tion. Finally, we shall express some thoughts on the possible
origin of low-energy groups of electrons.

A significant breakthrough took place in the early sev-
enties in ion beam technology by the development of the
multidipole double-beam plasma device (DP) by Taylor
et al.' It consists of two independent plasmas, the driver
plasma, and the target plasma, which are separated from
each other by a-dividing screen. The plasmas can be operated

.at the same potential or different potentials, the dividing
screen being biased negatively to prevent electrons from
moving from the driver to the target plasma. If the driver
plasma is maintained at a higher potential than that of the
target plasma, an ion beam penetrates the target region, its
magnitude being controlled by the driver plasma. The mag-
netic multipole field boundaries containing the plasma were
configured by placing ceramic bar magnets parallel to each
other and running along the inside walls of the cylindrical
plasma device, with alternating north and south polarities.
Such an arrangement provides a magnetic field close to the
wall boundaries that reflects energetic electrons, and thus
prevents their excessive loss to ground' (see Fig. 1). This
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device has proven to be a boon for the production of plasmas
of greater charge densities and for the study of the interac-
tion of ion pulses and beams with plasmas, and is evidenced
by the list of references provided in a paper of Honzawa.”
These references include papers making use of DP’s having
plane, cylindrical, and spherical separating screens. If the
two plasmas are kept at the same potential (no beam) and a
small positive pulse applied to the driver anode (or the se-
parating screen), an ion acoustic wave is detected in the tar-
get plasma. Increasing the pulse amplitude results in the for-
mation of ion acoustic solitons in the target plasma. These
solitons (a form of solitary wave) are referred to as plane,
cylindrical, or spherical, corresponding to the geometrical
shapes of the dividing screens. Each type has distinct proper-
ties. Recently, a paper has appeared in which a DP device is
used where the separating screen is hemispherical and where
the generated solitons have different properties from those of
spherical solitons.? Their collisional properties are the same,
however, when two solitons are moving in the same direc-
tion.

If the driver plasma is maintained at a higher voltage
than the test plasma, an ion beam flows from the driver plas-
ma to the test plasma. If now, in addition, a small pulse or a
continuous wave is superimposed on the voltage of the driv-
er, the so-called ion beam modes also appear in the test plas-
ma as well as the ion acoustic wave.

More recent publications using conventional DP’s for
the study of solitons and ion beam modes are given in Refs. 2
and 4-9. This list provides support for the statement made
previously about the importance of the DP device. Conse-
quently, it is desirable to know more about the properties of
the double plasma device in the present case, where the di-
viding screen is hemispherical in shape and a focal point
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appears in the test plasma and is more experimentally acces-
sible than one containing a spherical dividing screen.

This paper is arranged as follows: Sec. II discusses ex-
perimental details; Sec. III describes the diagnostics used;
Sec. IV gives a brief discussion of the linear theory of ion
beam modes when the dividing screen is spherical (no theory
exists for a hemispherical dividing screen); Sec. V is con-
cerned with experimental formulas and observations, being
divided into four parts [ (a) relative beam density, (b) beam
velocity, (¢) Langmuir plots, and (d) discussion of low tem-
perature electrons]; Sec. VI gives summary and conclusions;
Appendix A is concerned with cold and hotter ions; and
Appendix B gives a method of obtaining the relative charge
density at the focus.

Il. EXPERIMENT

Figure 1 is the DP device that was constructed in our
laboratory. The apparatus was pumped down to 10~ ° Torr
and then filled with argon to a pressure of 0.4 mT. The anode
screen in each plasma was located directly in front of the
filaments rather than at the walls. Each anode determined
the potential of the adjacent plasma so that the potential at
each point was close to the anode potential, as corroborated
by Langmuir probe measurements. In most cases, the driver
anode voltage was kept fixed at 45 V while the target anode
voltage was varied from 45 to 30 V or less. This was done to
vary the energy of the ion beam passing from the driver plas-
ma to the target plasma, a well-known technique. All vol-
tages were with respect to the grounded stainless steel cylin-
drical container. Because of this, the most energetic electron
group was reflected back into the plasma by the magnetic
cusps formed by the ceramic bars at the walls. At the same
time, the loss of positive ions to the walls was greatly reduced
via ambipolar diffusion with the slower and thermal elec-
trons.'®!! One consequence of this was the lack of need to
insulate the grounded metal probe supporting rods to pre-
vent sparking. The cylindrical vessel was of stainless steel 50
cm in diameter and 150 cm long. The chosen electron con-
centration and electron temperature were such to give a De-
bye length of approximately 0.64 mm, much greater than the
distances between dividing screen elements. This ensured
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the effectiveness of the electric field of the screen in prevent-
ing passage of electrons from the driver to the target plasma.
At the same time, the small magnitude of the Debye length
allows us to make the assumption that the sheath formed at
the dividing screen had little effect upon the hemispherical
focusing of the grid. This allows us to say that the grid and
the sheath around the grid form concentric hemispheres dif-
fering in radius by only a few Debye lengths.

The velocities of ion waves, beam ions, and thermal ions
were much smaller than those of the electrons, and the latter
was treated as a neutralizing negative fluid.

lll. DIAGNOSTICS

All probes were mounted on a movable probe assembly
designed by Mattson.'” Spherical Langmuir probes were
constructed in accordance with a method described by Gar-
ner."? These probes were used for wave detection and Lang-
muir plots because the spherical probe is known to minimize
the distortion of the probe characteristics in the presence of
directional motion. '

An emissive probe with rapid scanning and slow scan-
ning circuits was built according to the specifications of
Smith er al.'® Tt is essentially a hot tungsten wire probe heat-
ed sufficiently to allow thermionic emission of electrons and
biased with respect to space potential. When the applied vol-
tage I, was positive with respect to space potential, the emit-
ted electrons were drawn back to the probe and the collected
electron current was essentially unaffected by the emission.
On the other hand, when the probe was negative with respect
to the space potential, the emitted electrons escaped and con-
tributed an apparent ion current to the probe. Thus the vol-
tage at which the hot and cold probe characteristics disagree
correspond closely to the space potential. Figure 2 shows
both cold and hot curves taken at the focus in the presence of
an ion beam resulting from a difference of potential of 10 V
between the driver anode and the target anode. Note that the
cold probe curve shows a little indication of a “break point”
at plasma potential ¥,. When the emissive probe was heated
up to emission, however, the characteristic curves were al-
most identical for ¥, > ¥, such that the floating potential of
the hot probe approached the true plasma potential ¥, as
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determined by the inflection point method'” to within 1.0 V.
This provided a simple method for monitoring the plasma
potential at any point within the target plasma when an ion
beam is present.

Figure 3 is a plot of the floating potential (zero probe
current) along the axis of the target plasma for different
degrees of emission for an ion beam of 10 V energy. The
curve for saturated emission indicates that the plasma poten-
tial remained constant throughout the plasma and was with-
in 1 V of the anode potential. The curve for no emission,
however, indicated a change in floating potential near the
target focus. This peculiar behavior will be discussed later in
connection with the electron temperature.

A modified Ikezi-Taylor electrostatic double grid ion
energy analyzer was constructed in our laboratory to moni-
tor the ion energy distribution'® (Fig. 4). The outer grid was
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FIG. 3. Plots of the floating potential of the emissive probe along axis of

plasma for different degrees of emission. Here, ¥V, is the target anode poten-
tial. Ion beam energy is ¥, = 10 V.
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I I g Ion beam energy is ¥V, = 10 V.

allowed to float and so to retard most of the electrons and to
minimize the disturbance of the plasma by the energy ana-
lyzer. The second (inner) grid was biased positively to re-
tard the ions and was used for energy selection of the ions.

—— Teflon or glass
epoxy resin
== copper

* wire mesh

2.5cm
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FIG. 4. The ion energy analyzer with differentiating circuit. /: floating grid;
S: selector grid; C: collector plate; V), : selector grid voltage.
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The collector plate, which was originally biased negatively,
typically — 50 V, repelled the residual high-energy elec-
trons that may have gotten through the outer grid so that
only the ion current was collected.

As previously noted, in order for the inner grid to havea
well-defined separating action, the electric field on the wires
must extend over the areas of the holes; or the dimensions of
the holes must be small compared to the Debye length. An
electron micrograph of the copper mesh used for the inner
grid reveals a hole size of about 0.01 mm. This is much less
than the Debye length (L, = 0.64 mm). A stainless steel
outer grid with a hole size of 0.2 mm < L, was used to repel
most of the electrons.

Ion-current-voltage characteristics were obtained by
plotting directly the current to the collector I(V,,), as a
function of the selector voltage ¥,,. The relative beam den-
sity, the ratio of N, to N, + N, was determined from the
relative saturation currents, as will be discussed later. Here,
N, is the plasma density and NV, is the ion beam density.

A plot of the ion velocity distribution perpendicular to
the plane of the energy analyzer was obtained from ion-cur-
rent-selector voltage characteristic curve by the following
procedure:

o0

uf (u)du, (1)

(V) = enAJ

u,

where e is the electric charge on the ion, 4 is the effective
mesh area, # is the ion density, /() is the ion beam velocity
distribution, and u is the component of ion velocity normal
to the surface of the analyzer. The minimum velocity #,,in»
selected by the inner grid, is given by

2e(V,, — V), for V> Vs

2
. = 2
mM; U min {0’ for Vap < Vp, ( )

where V), is the plasma potential. Differentiating the collec-
tor current in Eq. (1) with respect to the selector voltage V,,
yields

o , for V>V,
al [ Su) Or Vap > ¥p (3)

av,, o, for V,, <V,.

The electrical circuit shown in Fig. 4 was used to plot the
differentiated ion characteristic using the following scheme:
Through a transformer, a 3 kHz, 0.03 V peak-to-peak signal
from the generator in the Princeton Applied Research Mod-
el (124) lock-in amplifier was put in series with the inner
grid selector dc voltage V. The ac current to the collector
was measured by its corresponding voltage drop across the 1
kQ resistor in series with ¥, in Fig. 4. That part of this
voltage which was in phase with the transformer voltage was
proportional to dI(V,,)/dV,,. The lock-in amplifier was
adjusted to measure the in-phase part, which was plotted asa
function of ¥, simply displaying f(«) in units of arbitrary
amplitude. The results of these measurements will be dis-
cussed in the following sections.

IV. ION BEAM MODES

The following discussion of ion beam mode analysis is
relevant since DP devices are frequently used to study ion
beam modes and solitons. The properties of the plasma that
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we are measuring have a direct bearing on the ion mode
behavior. Garner'® used the linear theory of ion beam modes
in spherical geometry in an attempt to interpret the experi-
mental results for the hemispherical case. The basic linear-
ized equations are as follows:

an,,
+ Ve(n,U,) =0, (4a)
at
s\ U Nu, + Vv, =0 (4b)
a u s = A
o e T e
n,=N. exp(wP‘ ), (4c)
=S\ ET
V2, = 4men, — 4men,, (4d)

N, = the equilibrium beam density, N, = the equilibrium
plasma density, N, = the equilibrium electron density, 7,
= the perturbed ion beam density, 7, = the perturbed plas-
ma density, n, = the perturbed electron density, n, = n,
+ n,,U, = theequilibrium ion beam velocity, u, = the per-
turbed ion beam velocity, U, = the equilibrium plasma ion
velocity assumed to be zero, u, = the perturbed plasma ion
velocity, ¥, = the equilibrium plasma potential assumed to
be zero, v,, = the perturbed plasma potential. Here, it is as-
sumed: cold ions, hot thermal electrons, T,, V1, = 0, and
U,/C, > 1, where C, is the ion acoustic speed. It is also as-
sumed that the plasma ions are fixed so that n, = 0.

The steady-state solutions for the above set of equations
revealed that #n, U, was constant, where r was the distance
from the focus (a singular point). Solving the above set of
equations allowed elimination of the perturbed velocity u,,.
Making use of the normal mode approach gave the phase
velocity C, of fast and slow modes, the + and — signsrefer
to the fast and slow modes, respectively:

C . =wk=U,+B'"C, (5)

P+
where C, is the ion acoustic speed in the test plasma. The
perturbed density of those modes is found from

rdn, 2L BT,

= ) (6)
n, dr C.C, .

where B is the relative beam density given by
B=N,/(N, +N,) (7

and 7 is the distance from the focal point. Integration of Eq.
(6) and use of Eq. (5) give

Hylf (8)

_ 2(1 + [N,/(N, +Nb)]3’Z(C,c/V,,))
! 1+ [N,/ (N, + N, 17(C/ V)
fast mode, (9)
1— [N,/(N, + N)17(C/V))
(1— [N/ (N, +Nb)]"2(C3/VI,))
slow mode. (10)

K, = -2

5

The amplitudes of these modes increase as the focal point is
approached. This is in contrast to the 1/+” relations obtained
from geometrical consideration. It is seen that the ampli-
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tudes of the fast and slow modes do not vary as 1//° but a
fraction of the exponent — 2.

Since the dividing screen is hemispherical in shape, the
behavior of the beam far beyond the focal point should be
similar to that of a flat screen and the problem is no longer a
spherically symmetric one. Consequently, one would expect
the ion density along the axis of the target plasma would
increase as the focal region is approached from the screen,
then followed by a decrease beyond this region, finally reach-
ing constant value for large distances from the screen. Ex-
perimentally, Garner found that, for the fast beam mode
(the predominant mode in the present case), the amplitude
increased to maximum in the neighborhood of the focal
point, then gradually decreased in magnitude beyond that
point.'* The phase velocity of the fast mode behaved in a

similar fashion. Consequently, one must contend with the
presence of these waves as well. The phase velocities and the
perturbed densities of the ion beam mode are seen to be criti-
cally dependent on the properties of the beam velocity U, &
and the magnitude of C,, the ion acoustic speed, which is
proportional to 7'/,

Accordingly, U, and B were monitored with the double-
gridded ion-energy analyzer, while the electron temperature
was carefully determined from the Langmuir probe plots.
These topics are discussed further in the next section.

V. EXPERIMENTAL FORMULAS AND OBSERVATIONS
A. The determination of the relative beam density 5

Figure 5 shows a series of ion current characteristic
curves of the ion current reaching the collector electrode of

Vl
Maximum Current v,
T Grid 0.0cm
2.5cm
I | | | 1 1 1+ Zero Current
0 T T T T T T
Maximum Current
| | | | | Zero Current
0 T T T T T
Vl
Maximum Current FIG. 5. Ion current reaching the collector
electrode of the energy analyzer as a func-
T tion of selector grid voltage ¥, for differ-
; ent probe positions. Probe position is in
9.0cm:focus cm from hemispherical grid. All plots
0 I b | ; } t —— Zero Current were made for a given beam energy: eV,
= =eV, — V) =5.1eV. Here, F; and ¥,
E were held constant throughout the run.
= Maximum Current For reference, vertical lines were drawn
o across each plot: one each for the values of
a 1 V,and V,. See Sec. 1I for further explana-
ol [.iOl'.l.
o
; ' ' } Zero Current
0
Vl
| Maximum Current
Vi
15.3cm
. . : y | h T Zero Current
0 T T T T 1 t
- Maximum Current
, | : Zero Current
0 T T T
\Z
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5 Va
= 5V 30.5cm
o o , ' ' n 7 — + Zero Current
V... Selector Potential (Volts)
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the energy analyzer as a function of selector grid voltage V..
The vertical lines marked on each curve are the anode poten-
tials of the target and driver plasmas, which are found from
emissive probe measurements, the usual methods when
charged beams are present. The curves not too far beyond
the focus clearly shows two distinct groups of ions: the low-
energy group, which are cut off near the target anode vol-
tage, constitutes the ions in the background having density
equal to NV, ; the high-energy ions, which are cut off near the
driver anode voltage, correspond to the differences in driver
and target anode voltages having a density V.

In order to derive the relative beam density from these
curves, the relative beam current must first be distinguished.
Figure 6 is the curve in Fig. 5 taken 20 cm from the grid or 11
cm beyond the focus, where the beam is easily distinguished.
(This would not be true for greater distances such as 30.5 cm
from the screen where the ion beam density becomes very
small because of its divergence.) The ion beam saturation
current is extrapolated from the positive energy region back
to a negative voltage as shown. At this negative voltage, not
only the beam ions, but also the background plasma ions
have reached their saturation currents. These ion currents
are

i, = Nyeu,, (1)
i, = N,eu,, (12)
where

2e(V, —V,,), forV,>V,,

mu :[ b £ i ’ (13a)
0, for ¥V, < V..
2e(V, —V,), forV,>V,,

2 P ap p ap 13b

mu, [0, for ¥, <V, (13b)

V,=V,, is the plasma potential, in the target plasma.
The average kinetic energy of a beam ion is

eV,=—e(V,—V,), (14)

and ¥, is the applied selector grid bias voltage in the energy
analyzer. The relative beam density is, therefore, using Eqgs.
(7), (11), and (12), given by

B={l + (ip/ib)[(Vb - Vap)/(VP_ V‘lp)]l/z} ! *

(15)
f v,
1 0.0V
2 ‘Vd Vd
E -5.1V +5.1V
5
E T a0
= ] o Ip
© E
c
o 3 Y
S - 203 cm
T T T I T
5V

V,, Selector Potential (Volts)

FIG. 6. The ion beam saturation current extrapolated from the positive to
the negative energy region to determine the ratio i,/i,. The voltage values

have been rescaled from those of Fig. 5 in the interest of clarity.
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If we chose V,, such that (V, — V,,)/(V, = V) =2,
then

B=[1+(i,/i,)2"*] . (16)

The task of determining B then reduces to “guessing”
how much ion current is due to the ion beam and how much
is due to the background plasma on the target side. This
guessing process is indicated by the dotted line in Fig. 6. It
was drawn parallel to the horizontal axis, which seemed to
make sense because of the shape of the characteristic curve in
that figure. From Fig. 6, ,/i, = 3 at the required ¥, and
therefore B = 0.19 at a position 11 cm beyond the focus. A
similar calculation showed that B is as high as {§=1 at the
focus (see Appendix B). As can be seen, the undifferentiated
ion current characteristic was used above to approximate a
value for B in terms of the two saturated currents i, and i,.

B. The behavior of the beam velocity U,

As described previously, the ion current to the collector
electrode of the ion energy analyzer was differentiated using
the circuit shown in Fig. 4. This process gave plots propor-
tional to the ion energy distribution. A series of such plots
were made in Fig. 7 by varying the driver anode voltage,
holding the target anode voltage and probe position (11 cm
beyond the focus) both fixed. The ions again formed two
distinct groups: the low- and high-energy groups corre-
sponding to the target and beam ions, respectively. The dif-
ference in energy between the two groups was a measure of
the average kinetic energy of a beam particle. This was found
to be equal to the difference in the driver and target anode
potentials to within 0.5 V, verifying the assertion that the
beam kinetic energy eV, was approximately given by

eV, —V,) =eV,, (17)

where ¥, V, are the driver and target anode voltages, respec-
tively.'?

Great care must be used in interpreting the plots of Fig.
7, which are essentially plots of ion number densities versus
ion energies if half-widths are used as an indication of the
temperature, and the areas under the curves as an indication
of number density. It is difficult to compare temperatures
and densities of the higher- and lower-energy groups from an
examination of Fig. 7. However, the beam ions have under-
gone an acceleration in passing through the hemispherically
dividing screen into the target plasma, whereas the target
plasma ions have not. In a similar experiment using a cylin-

drical separating screen between the driver and target plas-

mas, Romesser and Hershkowitz'’ also obtained a plot simi-
lar to the plots of Fig. 7. They found that, if the
higher-energy group was replotted versus their velocity with
respect to the lower energy target plasma ion group (average
velocity equal to zero), the number density and temperature
of the higher-energy group were found to be much less. This
is the phenomenon of “cooling by acceleration,” meaning
that, if an ion beam is accelerated to the velocity U,, it is
adiabatically cooled to a temperature 7, where T,,/T; < 1.
In a recent review article, Hershkowitz discussed this effect
in some detail.'® In our case, this cooling would presumably
occur when the ions were accelerated as they passed through
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FIG. 7. Differentiated ion energy analyzer plots taken 11 cm beyond the
focus for various values of I, — V. The voltage difference between the two

humps verified the relation eV, = e(V, — V,).

the hemispheric separating screen. Similar cooling effects
have been observed in high-energy charged-particle accel-
erators.'® Figure 8 shows the spatial evolution of f(u) as the
energy analyzer is moved from the hemispherical grid
through and beyond the focus along the target plasma axis.
For this set of data, the driver and target anodes were held at
fixed voltages so that their difference was always 8 V. The
hump corresponding to the target plasma occurred at a con-
stant value of voltage close to the target plasma potential,
whereas the beam hump seemed to decrease in energy as the
analyzer passed through the focus but appeared to return to
its original value again far beyond the focus. One is tempted
to conclude that the beam ions slowed down as they ap-
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FIG. 8. Ion energy distribution for various positions. Here, V', = 8 V. Here
A corresponds to the background ions and B to the beam ions, respectively.
As indicated, the vertical scale for each position is the same.

proached the focus and speeded up as they left. One should
bear in mind that the ion energy analyzer measures that por-
tion of the ion energy whose velocity is perpendicular to the
collector surface. The angle ¢ that the ion velocity makes
with the normal to the collector surface depends not only on
its position with respect to the focal point, but also on that
portion of the hemispherical screen through which it passes
in coming from the driver plasma. Consequently, it is neces-
sary to average over ¢ as is done in obtaining Eq. (Al) in
Appendix A. This equation is plotted as the solid line in Fig.
9 for a constant U, the average velocity (V, = 8 V), and
zero ion temperature. The experimental points (circle with a
dot) in that figure were obtained by plotting the difference in
energy between the background ions and the beam ions in
Fig. 8.

The curve could produce a better fit to the experimental
pointer when the anisotropy of the beam ions, because of
their temperature as they enter the target plasmas, is consid-
ered [see Eq. (A2) in Appendix A]. We conclude that U,
was almost constant and that there existed only a very small
potential gradient in the target plasma due to the ion beam.
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FIG. 9. Apparent average beam energy versus position; the solid curve is the
calculated value [see Fig. (13)]. The experimental points were obtained
from the differences in energy between background ions and the beam ions
in Fig. 8, neglecting the ion temperature 7. The effect of ion temperature
may account for the large discrepancy between the calculated and experi-
mental values at the focus.

C. Electron and ion dynamics and floating potential in
the presence of an ion beam '

The first attempt to develop a theory for ion and elec-
tron collection by a probe immersed in a plasma was done by
Langmuir and Mott-Smith in 1926.%° Their theory assumed
a positive ion space charge sheath surrounding the probe
into which only very high-energy electrons could penetrate
and no ion beam was assumed to be present.

It is clear that the voltage of the sheath edge ¥, must be
large and negative enough to prevent a significant fraction of
the plasma electrons from entering the sheath. Hence

— eV, =KT,, (18)
where the plasma potential ¥, is put equal to zero, and
where it is assumed that the electrons have a Maxwell-Boltz-
mann distribution corresponding to a temperature T,.

The electron current reaching the probe is found from
the Boltzmann relation n, = N, exp(eV,/KT,) and the fact
that

I, = —ea,No(KT,/2mm,)'? exp(eV,)/KT,, (19)

where ¥, is the potential of the probe (negative with respect
to ¥, = 0), N, is the unperturbed target plasma density, and
a, is the area of the probe.

If an ion beam is present in the target plasma, the ions
entering the probe sheath are in two groups:

(1) The cold background ions with an average velocity
equal to zero, which acquire a velocity at the sheath edge of

U,=(—2eV,/M;)""?, (20)

where &, is the density of this group.
(2) The cold beam ions with average velocity

U, = (2eV,/M,)"?, (21)
where N, is the density of this group and eV, is the beam

energy.
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The total ion current to the probe, associated with the
above two ion groups is

I, =ea,(N,U, + AN, U,), (22)
where, as before, a, is area of the sheath and
No=N, +N,.

But, O < A4 < 11is the fraction of the probe surface facing
the beam. The experimental studies in this section made use
of a plane probe always facing the beam. Therefore A can be
put equal to 1.

If now the probe is allowed to “float” such that the net
current to the probe is zero, I, + I, = 0 and using Eqs. (19)
and (22) one obtains

—ea,Ny(KT,/2wm,)"* exp(eV,/KT,)

+ea,(N,U, + N,U,) =0 (23)
around the probe, since the Debye length was approximately
0.64 mm. Here, V,— V}, the floating potential, and a,—a,
because of the small sheath thickness.

Substituting Egs. (20) and (21) for U, and U, into Eq.
(23), one find that

—ZEV\, 1/2 2€Vb 1/2
N"( M, ) +N"( M,)

MEALWEA o
= ex B
’ 2mrm, P KT

Making use of Eq. (18) and B = N, /N,, and taking the loga-
rithm of both sides,

M_ V 1/2 V
_im( ’ )+1n[13+3(€ ”) J_ i o)
2 4mm, KT, KT,

(25)

For no beam, B = 0 and the above relation reduces to the
usual case relating the floating potential to the electron tem-
perature and becomes the well known result

V, M,
= _iln( - ): — 4.3 for argon. (26a)
KT, 2 4arm,

e

Equation (25) becomes, for argon plasma containing an ion
beam,

evy
KT,

When a beam is present 0 < B < 1, and the second term in the
right-hand side of the above equation indicates two regions
of interest: (a) when ratio eV, /KT, < 1, and (b) when ratio
eV, /KT, > 1.

Assuming, for the sake of discussion, that eV, /KT,
= const, then in case (a), as the probe is moved into regions
of high B, the second term on the right becomes negative.
The effect is to lower the floating potential at the focus. On
the other hand, when case (b) is reached (say by increasing
the beam energy eV, ), the second term on the right becomes
more positive in regions of high B, resulting in an increase in
the floating potential at the focus.

The transition from case (a) to case (b) occurs when
eV,/KT, > 1. Experimentally, this transition is marked by a
constant floating potential throughout the target plasma,
even at the focus, From Fig. 10, this occurs when the beam

eV, \\2
= —43+ 1n|l1—B+ B . 26b
tu[1-n+8(22)"]. ao

e

J. M. Peterson and N. L. Oleson 895




Floating Potential (Volts)

5V

I | | | [ | I |
Paosition

Focus " Grid

Position from Grid

(cm)

FIG. 10. The behavior of the floating potential ¥, of a cold Langmuir plane probe along the axis for different beam energies. Floating potentials are
determined by measuring the potential difference between the floating probe and the target anode as reference. Here, ¥, is the target anode potential. Recall

that the floating potential is negative with respect to V.

energy is between 0.0 and 2.7 eV.

The simple theory of this section was an attempt to ex-
plain the behavior of the floating potential of a probe in the
presence of an ion beam. The theory revealed two kinds of
behavior in agreement with the experiment (Fig. 10). The
conclusion can be made then that it was the beam ions strik-
ing the probe that made its floating potential go up, or down,
depending on the ratio eV, /KT,.

D. The Langmuir plots

As early as 1926, Langmuir and Mott-Smith®° found, in
the regions of intense ionization near the cathode, two super-
imposed Maxwellian distributions, one of relatively high
mean energy, apparently consisting of primary electrons
from the cathode, which have been scattered, and the other
of much lower energy comprising secondary electrons that
had been produced by ionization of the gas.

Later Oleson and Found noticed two electron tempera-
tures associated with moving striations.” The higher energy
electron group was associated with the bright portion of the
striation and the lower energy group with the dark region.
By successive approximations, they resolved the data into
two groups having distinct Maxwellian distributions. The
method of successive approximations was also used later by
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Jones et al. *? and by Scarlatto® from the dispersion relation
of ion acoustic waves, which gave the effective temperature
of the electrons in terms of the hot and cold groups, where
Nos N, N,; were the total, cold, and hot electron group den-
sities, respectively. Here T, was shown to be the tempera-
ture that determined the ion acoustic speed, i.e.,

N, N,
- B 27)
TEW Tc.' TH
C, = (KT.e/M,)"?. (28)

Equation (27) indicates that T.; is dominated by the cold
group and that even a small number of cold electrons can
lower the effective temperature significantly.

E. Present data

Figures 11 and 12 represent data in connection with this
paper. Each figure contains three Langmuir plots, using a
bare spherical probe along the chamber axis. As the focal
region is approached, both figures show an increased num-
ber density due to B, the relative number density of the beam
to the total density, for a relatively constant plasma potential
I, throughout the target plasma.

Poisson’s equation required that the increased ion den-
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electron current ( ma )

L

FIG. 11. Three Langmuir plots taken at the focus for various beam energies.
A third, cold-temperature component occurs only in the presence of an ion
beam. The hotter components are due to the primary and secondary elec-
trons in the plasma.

TTT

Probe Characteristics

A. at focus
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focus and grid
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FIG. 12. Three Langmuir plots taken at various positions with a constant
beam energy of 10eV. For position C, the hotter electron temperature com-
ponents are each reduced by one-third and the current scale has been multi-
plied by a factor of 10.
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sity in the focal region must be neutralized by an equal in-
crease in the electron density in order to keep the space po-
tential of the focal region the same as that of the surrounding
target plasma. This neutralization of the beam ions must be
done by electrons from the target plasma since the electrons
in the driver plasma are isolated from the target plasma
owing to the negative potential of the hemispherical separat-
ing screen.

Figures 11 and 12 show that the target plasma electrons
are composed of three Maxwellian components: Primary
electrons coming directly from the filaments make up the
hottest, most tenuous group, having an electron temperature
of approximately 12 eV in Fig. 11 and 15 eV in Fig. 12. The
secondary electrons coming from the ionized argon atoms
make up the bulk of the target electrons, having an uncor-
rected temperature of 4.5 eV in Fig. 11 and 5.6 eV in Fig. 12,
respectively. The temperature and density of these hotter
groups depend very little upon B, whereas the density of the
coldest group greatly depend on B. Neutralization of the
beam ions must be accomplished, therefore, by the coldest
electrons.

The exact procedure for obtaining the corrected tem-
perature and number density for each of the three energy
groups requires an extension of successive approximations
to this case and is given elsewhere.? It yields the relation

1 N\ 1 N\ 1 N 1
— =)=+ —+|— (29)
T i N,/ T, N,/ T* \N,/T**

corresponding to the Eq. (27) for the two-electron tempera-

TABLE I Plasma parameters in and around the focal region for 2 6.5 V
beam.

5cm 10 cm

in front behind

of focus At focus focus
V, (V)" 6.5 6.5 6.5
Vi (V)®° 38 38 38
Ve (V) 26 29 24
i, (mA) 0.05 0.05 0.05
I, (mA) 0.10 0.12 0.15
i, (mA) 0.75 0.83 0.20
T, (eV) 12 12 12
75, (eV) 4.5 4.5 4.5
T, (eV) 2.8 2.8 ]
T, (eV) 2.0 1.9 2.0
T, (eV) 1.5 1.5 IS5
T, (eV) 0.8 0.8 0.8
N,/10° em~? ' 0.11 0.11 0.11
N,/10% cm ~* 0.45 0.54 0.67
N,/10% cm 6.29 6.96 1.68
N,/10* cm ~* 6.85 7.60 2.45
N,/N, 0.016 0.014 0.055
N,/N, 0.065 0.071 0.339
N,/Ny 0.919 0.915 0.606
T.r (successive approximate) (eV) 0.85 0.85 1.13
2, is beam energy.
® ¥, is plasma potential.
¢V, is floating potential.
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ture case. Values of the quantities in Eq. (29) are tabulated
in Table I for an ion beam energy of 6.5 V, ¥, is the floating
potential of the probe N, V,, N, and N, are the total number
density, the primary number density, the secondary number
density, and the tertiary number density, respectively. Here,
T, is the primary electron temperature, 7' is the corrected
secondary electron temperature, and 7'7* is the corrected
tertiary electron temperature. The latter two temperatures
were obtained by the method of successive approximations
as previously noted.

In contrast to the two-electron temperature plasma,
where T can be found using Eq. (28), the three-electron
temperature case is more complex in that the ion beam
modes and the ion acoustic wave are usually present simulta-
neously. Such a situation makes an accurate measurement of
the velocity of the ion acoustic wave very difficult. As a re-
sult, Eq. (28) often cannot be used to find T,.; and be
checked with Eq. (29). Alternately, Eq. (29) can be taken as
the definition of T and the ion acoustic velocity calculated
from Eq. (28). This is the route taken here.

Figures 11 and 12 show the appearance of a low-tem-
perature electron group in the target plasma when an ion
beam is passed through the hemispherical separating screen
from the driver plasma to the target plasma. This low energy
group is in addition to the primary and secondary energy
groups. These latter two groups remain, even in the absence
of an ion beam. Table I indicates that the primary number
density and electron temperature are everywhere the same.
One would expect this as the primary electrons cause the
plasma to form and their high energies ensure reflection by
the magnetic cusps existing at the walls. On the other hand,
the number density of the secondary energy group increases
with decreasing distance from the target anode. Since its
electron temperature is constant over this same region, the
concentration of electrons in this case must increase as the
target anode is approached. The presence of these two
groups was detected as the two straight line segments in Figs.
11 and 12.

F. Comments on the low-energy group of electrons

Table I reveals that the low-energy group of electrons
(which always make their appearance when an ion beam is
sent from the driver plasma to target plasma) have a much
greater number density than the accompanying primary and
secondary groups, especially near the focus. Its maximum
density occurs in the region of the focus and decreases sharp-
ly as the distance from the hemispherically dividing screen is
increased. Figure 11 shows that the maximum number den-
sity increases with beam energy, having a peak in the neigh-
borhood of the focus. Figure 12(¢) reveals that the low-ener-
gy group has an appreciable probe current as close as 0.5 cm
to the dividing grid and also retains the same electron tem-
perature that it has at the focus. On the other hand, the
densities and temperatures of the primary and secondary
electron groups are considerably reduced very close to the
separating grid. Without further analysis, all that can be
concluded from these observations is that an ion beam com-
ing from the driver plasma and passing through a spherical
grid on to the target plasma, results in the creation of a low-
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energy group of electrons everywhere in the target plasma.
Their number density increases with distance from the hemi-
spherical grid, as indicated by Figs. 12(a) and 12(b), until
the focal region is reached. Beyond this region, the density of
these cold electrons decreases with distance, as previously
discussed.

There are statistical methods of finding relaxation rates
for processes resulting from the interaction of test particle
streaming with a definite velocity through a background of
field particles of known temperature.*>*® In our case, the
test particles are the positive ions streaming with a given
velocity from the driver plasma through the hemispherical
screen and the field particles are the electrons in the target
plasma with a given electron temperature, presumably that
of the cold electrons, with a given number density. In a less
complex geometry, one could calculate such quantities as
the slowing-down time and energy loss, using the observed
cold temperature and number density to check the reason-
ableness of the results. The difficulty in the present case with
a hemispherical screen is that the number density of the cold
electrons is a function of the distance from the screen so
straightforward calculations are not feasible.

Recall that, originally, the collector of the ion analyzer
was held at — 50 V to repel any high-energy electrons. This
was found to be unnecessary as the plasma potential was
typically 35-45 V above ground and the hottest electron
group was typically 12 to 15 V.

Thus the ion current characteristics of the collector
plate were found to be identical for ground potential as for
— 50 V. A collector plate at ground potential was still nega-
tive enough to repel most of the higher-energy electrons
through the screens from the plasma, resulting in the elimi-
nation of any potential difference between the walls and the
collector plate.

VI. SUMMARY AND CONCLUSIONS

(1) Three types of probes were used to monitor the tar-
get plasma in a hemispherically converging ion beam plasma
system: (a) Simple Langmuir probes were used to monitor
the electron temperature and density; (b) a space-charge-
sensitive emissive probe was used to monitor the space po-
tential, and (c) ion-sensitive gridded probes were used to
measure the energy distribution of the plasma and beam
ions.

(2) A simple theory was presented to explain the
change in the probe floating potential in the presence of ion
beams.

(3) The method of successive approximations, devel-
oped previously for a two-electron temperature plasma, was
extended to a three-electron temperature plasma. The ion
acoustic velocity is given by Eq. (28), where T is found
from Eq. (29). A full discussion of the three-electron energy
case is given in Ref. 24,

(4) Attempts to use statistical methods to calculate the
observed cold temperature of the electrons were not possible
because of the variation of the number density with distance
from the hemispherical dividing grid. Currently, the possi-
bility of using a numerical simulation method is being con-
sidered.
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APPENDIX A: COLD ION AND FINITE ION
TEMPERATURE MODELS

Two models were used to explain the results of Fig. 9.
The first model, Fig. 13, assumed only cold ions and four
assumptions were made:

(1) All ions entered the target plasma along radii of the
hemispherical separating screen.

(2) The beam speed U, was constant.

(3) The ion energy analyzer collector measured velocity
components normal to its surface.

(4) The ion beam density was constant everywhere on
the hemispherical grid. Referring to Fig. 13: R = the radius
of the hemisphere, 7, = the radius of the plane collector sur-
face, x = the probe distance from focus, 4, = the differen-
tial area of the ring at the edge of the cap. = 27R * sin ¢ d¢,
and A, = the area of the hemisphere subtended by the cone
formed by the collector and the focus, 4. =27R”
X[1—x(r+x)""].

The calculated average kinetic energy (over ¢) is just

E_J-uﬁm LM, (U, cos ¢)*(27R * sin ¢ dp)
o A, =27R*(1 — X)

where
¢,, =cos ™' X,
X=x(rj +x")" Y3
and the solution is
KE =1UM,U))(1—X%)/(1—X). (A1)

This equation was plotted as the solid curve in Fig. 9.
Figure 14 shows the effect of a finite ion temperature.

grid

hemispherical
grid

plane
collector

FIG. 13. Schematic of beam ions passing through hemispheric grid to ion
collector located at a distance x from focus for T, = 0.

Beam ions enter the target plasma through an angular
spread of 26. The collective effect of the thermal ions is to
produce a focal region centered about the focal point where
the ion velocity may be very complicated. For example, Fig.
8 shows a certain “filling in” of lower energies when the
energy analyzer was located near the focus. The filling of
lower energies due to the finite temperature of the beam ions
may qualitatively explain why the measured average perpen-
dicular energy drops off faster (except at the focus) than the
expected values obtained from the model in Fig. 13, which
assumes that T, = 0. If the effect in Fig. 14 is included in the
model in Fig. 13, the problem becomes much more compli-
cated, but when solved, could yield better agreement be-
tween the measured and calculated values of average kinetic
energy.

The radius of the focal region in Fig. 14 can be shown to
be

a=R (KT;/2V,)"?, (A2)

where R is the radius of the hemispherical grid, eV,
=e(V, — V,) isthebeam energy, and T} is the ion tempera-

(b) a=R tan-0=R (KT;/2eV}) "2

FIG. 14. Schematic of angular spread of

= A)))..

egion
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ions as they pass through the hemispheri-
cal grid due to their finite temperature 7;.

Up =(2eVy/M;) ¥
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TABLEIL IRadius of focal region, a(cm) for various ion temperatures and
beam energies.

ture. Values of a¢(cm) for different beam energies and ionic
temperatures are given in Table IT.

(’:f;) ol T o APPENDIX B: DETERMINATION OF B AT THE FOCUS
Figure 6 shows the method used to determine B at a
eV, (eV) point well behind the focus. The method is quite clear owing
i i‘g ?‘4112 ?';‘2 to the distinctness of the two ion groups there. The question
6 0.82 116 1.42 arises as to how to interpret the ion current characteristics
8 0.71 1.01 1.23 taken at the focus.
10 0.64 0.90 el Figure 15 is the ion characteristic at the focus, taken
from Fig. 5. Two methods are depicted for determining the
- Vt '(Vd' Vl) V1
o
g 4
o i A
2 P
E | e s | S (| IS
= A
® 1 i 2.
L:.. ) b
allt eeee e = ELIN (B Y, S
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FIG. 15. Determination of B from methods (1) and (2) (see Appendix B).
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values of i, and 7, used in Eq. (13) for B. In the first method,
the dotted line is drawn from the “crook’ in the characteris-
tic. This means, from Fig. 5, that the target plasma is more
dense close to the filaments (see Fig. 1) and less dense at the
focus. Method (2) assumes first off that I, is a special invar-
iant and that any “leftover” current is the current due to the
beam ions 7,. Method (1) gives B = 95% at the focus and
B =18%, 10 cm behind the focus. Method (2) gives
B = 48% at the focus and B = 1%, 10 cm behind the focus.
Both methods indicate that the focal region is one of higher
B.

The assumption made in method (2) (that I, is every-
where the same) does not seem to be realizable. Figure 16
depicts a series of ion current characteristics taken at differ-
ent points along the axis of the plasma, similar to Fig. 5, only
this time the driver plasma was set at a voltage that was less
than the target plasma to ensure the absence of any beam
ions in the target plasma. This figure clearly shows a dimin-
ishing ion saturation current at points farthest from the test
plasma filaments, including the focal region. Thus it would
seem to favor method (1) over method (2), meaning that B
could be as high as 95% in the focal region.
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