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Ion-Beam Focusing in a Double-Plasma Device 
JAMES C.  JOHNSON, NICOLA D’ANGELO, AND ROBERT L. MERLIN0 

Abstract-We have studied the propagation of a low-energy, charge- 
neutralized ion beam which is injected into the target region of a long 
double-plasma (DP) device. A magnetic field of up to - 180 G may be 
applied along the axis of the device. As a result of charge exchange 
collisions, the ion beam is attenuated as it propagates into the target 
region. However, under certain conditions of magnetic field strength 
and neutral gas pressure, we have observed a “reemergence” of the 
beam on axis far downstream in the target. This reemergence of the 
ion beam is attributed to a focusing of the ions by a self-consistently 
produced radial ambipolar electric field. The effect may be expected to 
occur in other types of plasma devices as well, whenever a sufficiently 
large radially inward electric field is present. 

I. INTRODUCTION 
OUBLE-PLASMA (DP) devices have been in use for D a number of years. They are well suited to the study 

of the interaction of an ion beam of variable energy with 
a background plasma [1]-[3]. Only recently has a longi- 
tudinal magnetic field been added to such devices, as in 
Merlino and D’Angelo [4] and in Pierre et al. [ 5 ] .  The 
addition of a longitudinal magnetic field of - 100 G or 
more near the center plane of the device requires that the 
hot filaments of the driver and of the target chambers be 
located in the fringing field regions at either end so that 
density filamentation may be avoided. This particular ar- 
rangement, however, may be in part responsible for a 
phenomenon that we have observed recently and which is 
discussed in the present paper. 

Our magnetized DP device, which was recently put into 
operation and is described in Section 11, is largely in- 
tended for studies of wakes from objects of various sizes 
and shapes, when the objects are immersed in supersonic 
plasma flows of various Mach numbers. As a preliminary 
investigation, it was necessary to examine in some detail 
the behavior of ion beams injected into the target chamber 
when no object or obstacle of any kind was present there. 
This was done by means of ion-energy analyzers of the 
type we have often used in the past, e.g., Merlino and 
D’Angelo [4] and Cartier et al. [6]. As expected, we found 
that an ion beam, as it travels axially into the target, is 
attenuated by charge-exchange collisions with neutral gas 
(argon) atoms, e.g. ,  D’Angelo [3]. However, under suit- 
able combinations of gas pressure and magnetic field 
strength a “reemergence” of the beam on axis may occur 
far downstream in the target. The reemergence effect is 
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apparently produced by a focusing of those beam ions 
which are initially injected at the outer portions of the 
plasma column. These ions are acted upon by an electric 
field of - 0.1 V /cm, directed everywhere radially inward 
and self-consistently produced, for appropriate values of 
the neutral pressure and of the magnetic field, by a faster 
intrinsic outward diffusion of the plasma ions relative to 
that of the electrons. 

In Section I1 we describe the magnetized DP device in 
which the experiments were performed. In Section I11 
some of the initial data are presented that made the ion- 
beam reemergence effect apparent. Section IV shows how 
radially inward electric fields of sufficient magnitude to 
produce beam focusing can, in fact, arise under appropri- 
ate conditions. Section V presents the experimental data 
we have obtained in order to verify the predictions of Sec- 
tion IV. Finally, Section VI contains the conclusions. 

11. THE MAGNETIZED DOUBLE-PLASMA (DP) DEVICE 
A schematic diagram of the DP device is shown in Fig. 

l(a), while Fig. l(b) shows the axial profile of the lon- 
gitudinal magnetic field (on axis). As can be seen from 
Fig. 1 ,  the magnetic field is quite uniform in the central 
region of the device, over a distance of approximately 160 
cm, but decreases very rapidly as one enters either end 
chamber. The maximum magnetic field strength available 
near the center plane is - 180 G. 

Plasma is produced in the end chambers by primary 
electrons emitted from hot tungsten filaments, which are 
biased at - -40 V relative to the walls of either chamber. 
The primary electrons ionize the neutral (argon) gas which 
fills the device at a pressure in the -5  X lo-’ torr to 
- 5 x torr 
or less). The plasma density is, generally, lo9 cmP3 to 
10’’ ~ m - ~ .  Electron and ion temperatures in DP devices 
are, typically, T, - 1-2 eV and T, - 0.2-0.3 eV. 

The driver and target plasmas are separated by a grid, 
which is held at a voltage of - 75 V to prevent the primary 
electrons of either chamber from entering the other. By 
biasing at a suitable positive voltage the walls of the 
driver, an ion beam is injected from the driver into the 
target. 

Measurements of plasma density and density fluctua- 
tions are performed by means of Langmuir probes. 
Emissive probes are used for measurements of the space 
potential. Ion beams injected from the driver into the tar- 
get are detected by means of electrostatic retarding poten- 
tial analyzers, consisting of two grids and a collector, of 
the type described in Merlino and D’Angelo [4] and in 

torr range (the base pressure is 1 X 
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Fig. 1.  (a) A schematic of the double-plasma device used in this study. 
The ion energy analyzer (IEA) is mounted on a probe drive which can 
move over an axial distance of 160 cm and make transverse (radial) scans 
of the plasma column. (b) The axial magnetic field profile for a total 
current supplied to the coils of 100 A. 

BIAS ON GRID 2 (VOLTS ) 

Fig. 2. A typical ion-energy analyzer curve of collector current versus re- 
tarding grid voltage. 

Cartier et al. [6]. A typical analyzer curve is shown in 
Fig. 2. In addition to Langmuir probes and ion-energy 
analyzers which can be inserted into the plasma column 
from side ports of the target chamber, and which can be 
moved radially across the column at fixed axial positions, 
the DP device is also provided with a probe/analyzer drive 
system capable of taking radial plasma/beam scans at any 
axial location within the central region of the device, 
where the magnetic field is uniform. The axial motion of 
the drive system extends over a region 160 cm long. 

111. THE PHENOMENON O F  ION-BEAM REEMERGENCE 
As noted in the Introduction, axial ion-beam intensity 

profiles always showed the intensity decrease with the in- 
crease of distance into the target expected from charge 
exchange with the argon atoms present in the device. 
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Fig. 3. Axial profile of the ion-beam intensity (collector current) showing 
the beam “reemergence” effect. 

However, under appropriate conditions of gas pressure 
and magnetic field intensity, an axial reemergence of the 
beam was observed further downstream. An example of 
this phenomenon is shown in Fig. 3 .  This axial profile of 
the beam intensity was taken by biasing the analyzer grid 
of the ion-energy analyzer at a fixed voltage, large enough 
( u g  = 12.4 V )  to exclude the plasma ions but small 
enough to accept all the beam ions. The argon pressure 
was 1 X torr and the magnetic field strength near 
the mid-plane was 65 G .  Since the effect shown in Fig. 3 
was observed several times for other pressure/magnetic 
field combinations, an explanation of this phenomenon 
was required. 

It might appear at first sight that the beam reemergence 
could be caused by a charge exchange of energetic neutral 
atoms formed by previous charge exchanges of beam ions 
with argon atoms. However, we discarded this possibility 
for two reasons. In the first place, it is not clear why a re- 
ionization of fast neutrals should give rise to an intensity 
peak, like the one located at 2: 123 cm in Fig. 3 ,  rather 
than to a monotonic variation of the intensity with in- 
creasing axial distance. In the second place, the mean free 
path for a charge exchange of a fast neutral atom in a 
plasma of density n 5: 10” ~ r n - ~  is h - 1 / a n  - lo4 cm, 
if we assume a charge-exchange cross section, a, of 
- cm2. Thus, h is much too large compared to the 
length of the device for the effect to be important. The 
argument, of course, becomes even more cogent if the 
plasma density is smaller than 10” ~ r n - ~ .  

A second possibility that we considered was that, some- 
how, in the presence of a magnetic field the sheath for- 
mation at the grid separating driver and target chambers 
might be affected in such a way as to provide, in the target 
plasma immediately adjacent to the grid, electric fields 
with radial components directed inward, toward the axis 
of the device. These fields could then focus the ions cross- 
ing the grid near its outer rim. However, a simple argu- 
ment showed that this possibility had also to be discarded. 
The Debye length near the grid is AD - cm, while 
the electron and ion gyroradii are pe - 1 cm and p, - 1 
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m, respectively. Since both p, and pi are much larger than 
the Debye length, it is hard to see how the sheath for- 
mation at the grid, and thus the electric fields there, could 
be affected by the presence of the magnetic field. 

Having thus discarded the above two possibilities, we 
examined a third one which is dealt with in Section IV. 
It also relies on a focusing of beam ions by electric fields. 
However, in this case the electric fields are present all 
along the plasma column and are produced by the differ- 
ent intrinsic rates of diffusion transverse to B of plasma 
ions and electrons. It appears that these E fields are in- 
deed capable of focusing the beam ions and of producing 
the effect shown in Fig. 3 .  Section V presents data which 
support this focusing mechanism. 

IV. RADIAL E FIELDS AND ION-BEAM FOCUSING 
We show in this section: first, how the radial electric 

fields in a partially ionized plasma column depend, in both 
magnitude and sign, on the neutral pressure and on the 
magnetic field strength, and secondly, how inward fields 
might be responsible for the reemergence phenomenon of 
Section I11 through beam focusing. The calculations are 
done for the case of a uniform magnetic field. This is not 
the case in our DP device except over a distance of - 160 
cm near the central plane. However, the results that we 
obtain are applicable to our experiment, provided the 
value of B assumed in the calculations represents a suit- 
able axial average of the magnetic field in the device. 

In a steady-state situation, with both the ion and the 
electron inertial terms ( v  * Vu) neglected, the ion and the 
electron momentum equations read 

KT,Vn - enE - env, x B = -u,nm,v, 

KT,Vn + enE + env, X B = -v,nm,v, (1)  

with the usual meaning of the various symbols. The terms 
- v, nm, v,  and - v, nm, v,  represent momentum losses by 
the ions and the electrons, respectively, due to collisions 
with the neutral gas atoms. 

By taking components of ( l ) ,  one finds for the radial 
velocity of the plasma ions and electrons: 

Z/;, = - [ K T , ! ~  - eE] 
vimi(l + w f , / v ? )  n dr 

v,, = - 

where wCi and w,, are the ion and electron gyrofrequency, 
respectively. 

Next, we impose the condition that v,, = v,,, as must 
be the case in a steady-state situation in which the rates 
of production per unit volume of ions and electrons are 
the same. This condition determines the magnitude and 
the sign of the E field that must self-consistently arise to 
ensure equal radial losses for ions and electrons. We ob- 
tain 

E =  

If KT,/e and KT,/e are expressed in volts and 
( l / n ) ( d n / d r )  in cm-I, the E field is expressed in V/cm. 
Note that for a given T, , T,, and ( 1 / n  ) ( d n / d r ) ,  the E 
field is entirely determined by w , , / v ,  and w,,/v,. Since 
both w,,/v, and w,,/v, are proportional to the ratio B / p  
between the magnetic field strength and the neutral gas 
pressure, the E field is determined in sign and magnitude 
by the parameter B / p .  

We have calculated the E field given by ( 3 )  for several 
values of B ,  p ,  T,, T,, assuming cross sections for elec- 
tron-atom and argon ion-atom collisions oen = 5 x 
cm2 and ufn = 1 x 

Fig. 4 shows the coefficient, A ,  of ( l / n ) ( d n / d r )  in 
( 3 ) ,  for KT, = 0.3 eV, KT, = 1.5 eV, and a neutral gas 
pressure of 4 X torr. The magnetic field intensity is 
varied in this case from lo-’ G to 10 G .  Since 
( 1 / n ) ( d n / d r )  < 0 ,  positive A’s  correspond to negative 
E fields, i.e., to situations in which the outer portions of 
the plasma column are more positive than regions near the 
axis. Negative values of A correspond to situations with 
the outer portions more negative. In the case of Fig. 4, 
only for B z 2 . 3  G is A positive. This dependence of A 
on B is evidently related to the fact that, for the larger B 
fields, the electrons are essentially magnetized, while the 
plasma ions can diffuse more easily outward through ion- 
neutral collisions. For the smaller B fields, both ions and 
electrons are essentially unmagnetized, and the electrons 
tend to escape faster than the ions can. 

Fig. 5 presents similar calculations for KT, = 0.3 eV, 
KT, = 1.5 eV, and several values of the natural gas pres- 
sure, from 5 X lop5 torr to 8 X torr. The B field in 
this figure varies from lo-’ G to 100 G.  As can be seen 
from this figure, as the neutral gas pressure increases the 
magnetic field at which the transition occurs between pos- 
itive and negative A (i.e.,  A = 0 )  also increases. This is 
illustrated in Fig. 6, which shows, as a function of B ,  the 
neutral gas pressure at which A ,  and thus the radial E field, 
is zero. To the right of the line we have E < 0, corre- 
sponding to a plasma column with the outer regions at a 
more positive potential than the regions near axis. As far 
as the magnitude of the self-consistent E field is con- 
cerned, Fig. 5 indicates that, for 0.5 x torr I p I 
8 x lop4 torr and B 2 15 G ,  the magnitude of A is 
- 0.3 V. If the e-folding length of the radial density pro- 
file is 

cm2, respectively. 

we obtain in this case an inward electric field E = 0.1 
V/cm. 

Fields of comparable magnitudes were observed in a 
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Fig. 4 .  The coefficient, A ,  of ( 1 / n ) ( d t i / d r )  in  equation (3) as a function 
of magnetic field strength for T, = 0.3 eV. T, = I .5 eV, p = 4 X lo-' 
torr. and using ion-neutral and electron-neutral collision cross sections 
of I x lo-"  cm' and 5 X 10-I'crn'. respectively. 

I I 

0.5 

o 5 x lo4 TORR 
I x lo4 TORR 

6 x IO4 TORR 
. . . . . . . . 8 x lo4 TORR 

-1.5 1 I I 1 
0.1 1 IO 100 

E (GAUSS ) 

Fig. 5. The coefficient, A .  of ( I / n ) ( d n / d r )  versus magnetic field strength 
for the same conditions as in Fig. 4 ,  for five different pressures. 

magnetized DP device similar to the present one by Mer- 
lino and D'Angelo [4], who also observed at a fixed pres- 
sure of 3 x torr the expected transition from posi- 
tive to negative radial E field, as the strength of the 
magnetic field was varied. Additional data of the same 
type, taken in the present DP device, are presented also 
in Section V. 

We discuss next the focusing effects of radially inward 
E fields. If the beam reemergence of Section 111 is indeed 
due to a focusing of ions toward the axis by the negative 
(i.e., inward) radial E field in the column, we should ex- 
pect this phenomenon to occur at any given pressure only 
when the B field is strong enough to make A positive. 
Also, as p is varied, the minimum B field required to ob- 
serve focusing should change as indicated in Fig. 6 .  

Assume now that a radially inward E field is present 
over the entire length of the column, with an average in- 
tensity E.  An ion injected at the grid with an axial velocity 
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where eVh is the beam energy, will be displaced radially 
inward by an amount, r,, after traveling an axial distance 
z* downstream, given by 

(4 )  

If we take ro = 10 cm, Vh = 20 V, and E = 0.1 V/cm, 
we find z* = 90 cm. This indicates that the strength of 
the expected radial E field is large enough to produce sub- 
stantial focusing of the beam ions over distances compa- 
rable to those over which the reemergence effect of Sec- 
tion I11 is observed. 

Data taken to examine this focusing mechanism are pre- 
sented in Section V. 

V. EXPERIMENTAL RESULTS 
In this section we present experimental results obtained 

in order to test the focusing mechanism discussed in Sec- 
tion IV. 

Fig. 7 shows plots of the ion-beam intensity versus ax- 
ial distance away from the grid separating driver and tar- 
get for a value of the magnetic field at the center plane of 
the DP device of 20 G and for four different values of the 
neutral gas pressure. In all four cases the beam intensity 
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Fig. 7. Axial profiles of the ion-beam intensity for four different neutral 
pressures. The B field is 20 G and the beam energy, 12.5 eV. Fig. 8. Radial profiles of the ion-beam intensity for distances from the grid 

of 70, YO, 110, and 130 cm (beam energy of 10 eV,  pressure of 1 x 
torr, and magnetic field of 65 G ) .  A A0 = 10” corresponds to a 

radial distance of -2.6 cm. 

decreases, monotonically at first, with distance away 
from the grid. However, for the lowest two pressures of 
5 x torr and 1 x lop4 torr, the beam is clearly seen 
to reemerge. This reemergence of the beam, on the other 
hand, is not seen for the largest pressure of 4 X lop4 torr. 
This result is evidently in general agreement with the pre- 
dictions of Fig. 6 ,  giving, for each B field, the neutral 
pressure below which beam reemergence is expected. A 
precise quantitative comparison of the experimental re- 
sults with the computations is difficult for at least two rea- 
sons. In the first place, the B field in the experiments is 
nonuniform between the grid and, say, z = 60 cm, so that 
for a proper comparison with the calculations some aver- 
age of the B field over the region of nonuniformity would 
have to be taken. In the second place, the computations 
leading to Fig. 6 assume certain values for the cross sec- 
tions for momentum exchange of electrons with neutrals 
and of ions with neutrals. These cross sections could be 
in error by factors of two or so. In addition, the assump- 
tion of a rather uniform radial E field all along the column 
is clearly not satisfied. However, in spite of these short- 
comings in the comparison of experimental data with 
computations, one is encouraged by the result that the ex- 
istence of a “critical” pressure (for any B field) for the 
appearance of the beam reemergence effect is borne out 
by the experiment, and for values of the B field (when 
suitably averaged along the column) comparable to those 
computed. 

As the next step in this line of investigation, we tried 
to observe directly the effect of ion-beam focusing by 
measuring the radial ion-beam profile at several values of 
z ,  the axial distance away from the grid. Fig. 8 shows 
some results of this type of measurement. Evidently, the 
radial intensity maxima present at z = 70 cm converge 
radially as one moves to z = 90 cm and blend into one 
single maximum at z = 110, 130 cm. 

One further test of the mechanism discussed in Section 
IV consisted in observing the variation of the axial posi- 

B = 6 5 G  
P = I x IO4 TORR 
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Fig. 9. Axial profiles of the ion-beam intensity for three different beam 
energies ( p  = 1 X torr, B = 65 G ) .  

tion of beam reemergence with beam energy, predicted 
by (4). Fig. 9 shows axial scans of the beam intensity for 
a pressure of 1 X lop4 torr, a B field at mid-plane of 65 
G ,  and three different values of the beam energy. Evi- 
dently, as the beam energy is increased the axial intensity 
maximum is displaced to larger and larger 2’s. Equation 
(4) predicts a linear dependence of the axial distance, z*,  
of the intensity maximum on the square root of the beam 
energy, z* oc V:I2. The observed relation between z* and 
Vi’* is shown in Fig. 10. 

Finally, the dependence of the radial E field in the 
plasma on pressure and the magnetic field was investi- 
gated. Fig. 11 shows radial potential profiles, measured 
with an emissive probe, at a pressure p = 3 x lop4 torr 
and for several values of the magnetic field. From this 
figure, for B = 20-60 G, a radial inward E on the order 
of 0.1 V/cm is easily inferred, in agreement with Section 
IV. 

Similar data, obtained at various neutral gas pressures, 
were used to construct the solid line in Fig. 12, which 
shows the neutral gas pressure as a function of B for which 
the positive-negative E field transition is observed ( E  = 
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Fig. 10. Square root of the ion-beam voltage versus position of the axial 
peak, determined from plots similar to those of Fig. 9, but with a mag- 
netic field of 80 G. 
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Fig. 11. Radial potential profiles for three values of the magnetic field at 
z = 100 cm and forp = 3 x torr. The curves have been displayed 
vertically for clarity. A A0 = I O ”  corresponds to a radial distance of 
- 2 . 6  cm. 

0). Examination of Fig. 5 shows that for each gas pres- 
sure the B field, at which a negative “saturation” E field 
is attained, is about three times as large as the B field at 
which E = 0. The dashed line ( E  = E,,,) in Fig. 12 has 
been drawn with a slope equal to one-third of that of the 
solid line ( E  = 0) .  In the same figure we have marked, 
for several p ,  B pairs, some of the points where the beam 
reemergence effect was present ( 0 ). For any given pres- 
sure, the reemergence of the beam was definitely ob- 
served only for values of the magnetic field to the right of 
the dashed line. 

VI. DISCUSSION AND CONCLUSIONS 

A 2 m long magnetized double-plasma (DP) device has 
been put into operation recently at the University of Iowa. 

MAGNETIC FIELD IN CENTRAL REGION ( GAUSS) 

Fig. 12. The solid line shows the neutral gas pressure as a function of B 
for which E = 0, as determined from data similar to those of Fig. 11. 
The dashed line has a slope of one-third that of the solid line (see text). 
The circles ( C ) denote p ,  B pairs for which beam reemergence has been 
observed. 

When an ion beam is injected from the driver into the 
target chamber, the beam intensity is observed to decay 
with increasing distance away from the separation grid. 
This decay can be accounted for in terms of charge-ex- 
change collisions between the beam ions and the neutral 
gas in the chamber. At low pressures and/or high mag- 
netic fields, however, axial scans of the ion-beam inten- 
sity exhibit a reemergence of the ion beam, as described 
in Sections I11 and V. This phenomenon has been inter- 
preted in terms of a focusing of the ion beam toward the 
axis of the device by self-consistent radial, inward elec- 
tric fields of - 0.1 V /cm, produced by the faster intrinsic 
rate of radial diffusion of the plasma ions relative to that 
of the electrons. The focusing mechanism has been dis- 
cussed in Section IV and experimental data supporting it 
have been presented in Section V.  

Two questions may still be raised concerning the mech- 
anism responsible for the beam reemergence. The first is 
whether a type of focusing mechanism may be operative 
different from that discussed in Section IV. It is conceiv- 
able that if, somehow, the ion beam were to be partially 
“chopped” at the grid, ion gyrations in the axial mag- 
netic field would result in spatially periodic reenhance- 
ments of the beam intensity on axis. This mechanism 
would be similar to the one observed by Schmitt [7] in 
wake studies in a Q-machine. We think we can discard 
this possibility for two reasons. First of all, when we 
compute the axial distance for the expected first maximum 
we find that it should occur much further downstream than 
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is observed. In the second place, a mechanism of this type 
does not provide any easy answer as to why the beam 
reemergence observed in our experiments should be pres- 
sure dependent and, in particular, should depend on pres- 
sure through the B / p  parameter (e.g., Fig. 12). 

The second question is why we have not observed be- 
fore (e.g., in Merlino and D’Angelo [4]) the effect re- 
ported here. There are two main differences between the 
present experimental set-up and that of [4]; namely, a) the 
present device is much longer, thus allowing axial beam 
scanning over a longer distance, and b) the grid separating 
driver and target chambers is located, in the present ex- 
periments, well into the region of the fringing magnetic 
field. This may have enhanced the focusing effect, mak- 
ing it easier to observe. 

The phenomenon discussed in this paper may appear in 
other types of plasma devices as well, whenever a radially 
inward electric field of sufficient intensity is produced by 
the differential intrinsic rates of escape of plasma particles 
across a magnetic field. 
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