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57 ABSTRACT 

An ion source generates a heavy-ion beam of uniform 
ion velocity which is utilized to probe plasmas. The 
beam is scanned through a plane by deflection plates 
and the angle of scansion for the beam is magnified by 
a linear field distribution lens. The ionizing collisions 
between the scanned beam and the plasma results in a 
step charge change for the ions. Detectors are pro 
vided which are responsive to the ions undergoing a 
step change in charge to measure electron density of 
the plasma, space potential of the plasma, and the no 
mentum added by the plasma current. 

5 Claims, 17 Drawing Figures 
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SYSTEMS FOR MEASURING THE PROPERTIES OF 
PLASMA WITH AN ON PROBE 

FIELD OF THE INVENTION 

This invention relates to a measurement of physical 
properties of a plasma, and more particularly, to the 
measurement of these properties utilizing a heavy-ion 
beam-probe. Such measurements are necessary to de 
sign and control magnetohydrodynamic power systems. 

The properties of electron density and space poten 
tial for a plasma have been determined by studying the 
changes incurred by doubly-ionized ions which are cre 
ated in the plasma by collisional ionization of a beam 
of 1+ ions. The relative number of 2-, or secondary, 
ions resulting from the ionization collision provides in 
formation about the electron density of the plasma and 
the change in energy provides information on the space 
potential db. 
The secondary ions, such as Cs’’ or TIt ions, are 

able to provide localized measurements of plasma be 
cause the ions undergo a step change in charge at the 
point of creation: the electric and magnetic fields exert 
twice the force on the ion after the ionizing collision as 
before. Thus the radius of curvature of a 2+ ions is half 
that of the main beam, and so the 2+ ions are separated 
from the main beam and also from ions created at other 
points along the beam path. A suitably placed detector 
can thus monitor the plasma at any arbitrary point q 
along the beam path. This point q can be moved across 
the plasma by sweeping the beam and it can be moved 
along the beam path by moving the detector, by switch 
ing to another detector or by changing the beam en 
ergy. Maps of the plasma can therefore be readily and 
rapidly produced by, for example, electronically 
sweeping the beam and then stepping the beam energy, 
or by sweeping the beam and using a parallel array of 
detectors. 
The electron density at the point of collision q can 

and has been determined from the relative numbers of 
ions produced where the electron temperature is 
known. The space potential of the plasma at the point 
q can also be and has been directly determined by the 
energy of the 2+ ions created there as follows. Beam 
energy at q is e(V- ds(qq)), where V is the accelerator 
voltage and b(q) the space potential. The 2+ ions gain 
2edb(q) upon leaving the plasma, and so end up with a 
net energy of e(V+ b(q)). This energy has been mea 
sured electrostatically where the energy measurement 
is independent of the number of ions created at q ex 
cept for signal to noise considerations. 
Another very important physical property of plasma 

is plasma current density. Although the prior art has 
suggested that plasma current density can be deter 
mined utilizing a heavy-ion beam probe, there has been 
no suggestion as to how this might be accomplished 
with the probe. 
Furthermore, the means for measuring the electron 

density and the means for making the other measure 
ments which have been disclosed in the prior art do not 
necessarily result in a high degree of accuracy in meas 
urement. The ion sources of the prior art are particu 
larly noteworthy in this respect. The gas discharge ion 
sources of the prior art do not achieve the uniformity 
in ion velocity which is necessary to achieve a high de 
gree of accuracy in the measurement of plasma proper 
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2 
ties. There are also difficulties associated with the ap 
paratus utilized for scanning the ion beam through the 
plasma. In the systems disclosed in the prior art, it has 
been necessary to place the scanning of deflection 
plates close to the plasma to achieve an appropriate 
angle of scansion and this in itself has created difficul 
ties due to the interaction between the plasma and the 
deflection plates. 

SUMMARY OF THE INVENTION 

It is an object of this invention to provide a system for 
accurately measuring electron density, space potential, 
and current density of a plasma with an ion beam 
probe. 

It is another object of this invention to provide a sys 
tem for simultaneously measuring electron density, 
space potential and current density of plasma with an 
ion beam probe. 

In accordance with these and other objects, a pre 
ferred embodiment of the invention comprises an ion 
source for generating a heavy-ion beam characterized 
by substantially uniform ion velocity and a sweep 
means for scanning the heavy-ion beam in a plane in 
tersecting plasma. Sweep magnification means in 
creases the angle of scansion in the plane to permit the 
separation of the sweep means from the plasma. Ana 
lyzing means is responsive to the ions having a step 
change in charge resulting from ion-collisions in the 
plasma so as to measure electron density in the plasma, 
space potential in the plasma, and the trajectory of the 
ions with respect to the plane intersecting the plasma. 

In accordance with one important aspect of the in 
vention, the , analyzing means comprises deflection.----- 
means for deflecting the ions with respect to the plane, 
sensors for sensing the ions having different trajectories 
with respect to the plane and means for generating a 
signal representing the difference between the number 
of ions sensed by one of the sensors and the number of 
ions sensed by another of the sensors. This signal is 
then applied to the deflecting means and represents the 
current density of the plasma. The sensors may com 
prise adjacent and parallel planar detector surfaces. 
The sensors may also comprise a plurality of spaced 
parallel detecting surfaces angularly disposed with re 
spect to the plane intersecting the plasma and a detect 
ing surface for detecting the ions passing between the 
parallel detecting surfaces. 

In accordance with a further aspect of the invention, 
the ion source comprises a heater, an ion emitting sur 
face comprising zeolite doped with alkali metal ions or 
thallium ions where the surface is heated by the heater. 
An ion extractor comprising an anode plate is located 
at the ion emitting surface so as to provide an electric 
field at the plate which is substantially the same field 
seen at the ion emitting surface. A lens then focuses the 
ions emitted from the surface into a beam. 

In accordance with a still further aspect of the inven 
tion, sweep magnification means are provided compris 
ing a linear field distribution lens including a plurality 
of pairs of plates perpendicularly disposed with respect 
to the plane and having quadratically increasing poten 
tials on either side of a centerline extending toward the 
O SOC2, 
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BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic diagram of an ion beam probe 
system embodying the invention; 
FIG. 2 is a schematic diagram of the system detectors 5 

for measuring plasma properties; 
FIG. 3 is a schematic diagram depicting the momen 

tum added to the ions by the plasma current and the 
measurement of that momentum; 
FIG. 4 is a block-schematic diagram of the overall 10 

system; 
FIG. 5 is a sectional view of an ion beam source uti 

lized in the system; 
FIG. 5a is an enlarged view of the ion emitter for the 

source of FIG. 5; 15 
FIG. 6 is an alternative construction for the ion beam 

Source, 
FIG. 7 is a schematic diagram of a circuit for the ion 

beam source; 
FIG. 8 is a schematic diagram depicting some typical 20 

ion orbits and the effect of a linear field distribution 
lens on those orbits; 

FIG. 9a is a schematic view of one-half of the lens 
shown in FIG. 8; 
FIG.9b is a plot showing the field distribution along 25 

the lens; 
FIG. 10 is a tonal map obtained by measuring elec 

tron density in a plasma with the system of this inven 
tion; 
FIG. 11 is a tonal map of the space potential mea- 30 

sured utilizing the system of this invention; 
FIG. 12 represents the z component of momentump 

for two different plasmas as measured by the system of 
this invention; 
FIG. 13 is a current density map derived from the 35 

map of FIG. 12; and 
FIGS. 14a and 14b are isometric-schematic views of 

two different secondary ion detectors which may be 
used in the system. 
DETAILED DESCRIPTION OF A PREFERRED 

EMBODIMENT 
An ion beam probe system constructed in accor 

dance with this invention is shown in FIG. 1. The sys 
tem includes a source 20 of a heavy-ion beam 22 (e.g. 
Cs-- or Tl+) which is directed through scanning or 
sweep means comprising deflection plates 24. The de 
flection plates 24 sweep the beam through an angle in 
the xy plane which is then magnified by a linear field 
distribution lens 26. The heavy-ion beam then enters a 
plasma 28 where ionizing collisions occur in various 
points q on a grid 30. 
As a result of the ionizing collisions, the Cs+ or TH 

ions emanating from the source 20 undergo a step s 5 
change in charge to create Cs2+, Cs3+, or Cs4+ ions 
or T12-, TI3-, or Ti4+ ions. Because electric and mag 
netic field exerts different forces on ions having differ 
ent charges, the radius of curvature for the various 
charged ions is different. Detectors may therefore be 60 
placed at various locations to collect and detect the 
variously charged ions. 

In this connection, a primary ion collector 32 and 
secondary ion detectors 34, 36 and 38 for the 2-, 3 
and 4+ ions are located at different positions corre 
sponding to the respective radii of curvature for the 
variously charged ions. The various detectors in combi 
nation with energy analyzer deflection plates 40 per 
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4 
pendicular to the xy plane and momentum analyzer de 
flection plates 42 parallel to the xy plane and located 
in the path of the 2+ secondary ions provide measure 
ments of plasma current density as well as the electron 
and space potential of the plasma 30. 

It will be understood that these properties of the 
plasma are measured at various points q within the 
plasma 28 which are located at the intersections of the 
grid lines in the grid 30. The location of these intersec 
tions or points of measurements q in the plasma 28 is 
determined (for a fixed magnetic field) by the beam en 
ergy, the beam path and the detector location. With the 
detector fixed, the location is determined by the accel 
erator voltage of the source 20 and the sweep voltage 
of the deflection plates 24 respectively where both 
quantities may be controlled electronically as will be 
explained subsequently with reference to FIG. 4. As the 
beam is swept across the plasma by the plates 24, the 
detector 34 as well as the other detectors see one point 
for each beam path with the locus of these points repre 
senting a detector line 44. As shown, this line is slightly 
curved and makes about a 45° angle with respect to the 
beam path. The detector line can then be moved across 
the plasma by changing the beam energy at the source 
20. The result then is the detection grid 30 where the 
more vertical lines are detector lines (including line 
44) with the high energy lines to the left. The more hor 
izontal lines are lines of constant sweep voltage. 

In accordance with one very important aspect of the 
invention, the current density of the plasma 30 is deter 
mined by measuring the momentum added to the 2+ 
ions by the plasma current. As shown in FIG. 3, this 
momentum is actually measured by determining the 
trajectory of the 2+ ions with respect to the xy plane or 
along the z axis. It may be seen that dz/dr, the rate of 
change of ion position with respect to the z axis as a 
function of distance r in the xy plane, is zero for pri 
mary 1 + ion beam at both the entrance to and the exit 
from the plasma. However the secondary 2+ ions have 
a finite dz/dr at the point of exit from the plasma which 
varies from point q to point q within the plasma and re 
sults from the current in the plasma. 

In order to measure this finite dz/dr which represents 
the trajectory of the 2+ ions along the z axis or with re 
spect to the xy plane, the detector 34 comprising sen 
sors 45 and 46 is provided. The plates 45 and 46 are 
split into halves 45a and 46a and 45b and 46b with 
halves 45a and 46a connected via preamplifier 245a 
and 246a and resistors 48a and 48b to one input of a 
differential amplifier 48, and halves 45b and 46b con 
nected via preamplifier 245b and 246b and resistor 48c 
and 48d to the other input of a differential amplifier 48. 
The output from the differential amplifier is applied to 
the lower momentum plate 42. The other analyzer 
plate 42 is connected to ground. By utilizing this feed 
back arrangement, the deflection plates 42 will main 
tain the 2-hions centered on the gap between the plates 
45a and 45b where the output signal of the amplifier 48 
represents the z axis momentump which is added to 
2+ ions by the plasma current. 
The signal to the plates 45 and 46 themselves as 

shown in FIGS. 1 and 2 provide measurements of the 
electron density as well as the space potential of the 
plasma. As indicated in FIG. 1 and more clearly dis 
closed in FIG. 2, 2+ secondary ions pass between the 
momentum analyzer plates 42 and into the space be 
tween the energy analyzer plates 40. The upper plate 
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40 is connected to an accelerator voltage source Vacc 
while the lower plate includes an aperture 50 to permit 
the 2+ ions to enter the space between the plates 40 
and exit therefrom through an aperture 52 located a 
distance D from the aperture 50. Guard rings 54 are 
provided between the energy analyzer plates 40. The 
plates 45 and 46 of the split detector 34 are centered 
on the aperture 52 to intercept the 2+ ions passing 
through the analyzer. The difference between the sig 
nals to the two plates 45 and 46 are applied to the in 
puts of a differential amplifier 53 with the output of the 
amplifier 53 applied as a correction voltage to the 
lower plate 40. This correction voltage adjusts the dis 
tance traveled by the ions so that they always stay cen 
tered on the end 45e of the plate 45 no matter what en 
ergy the ions have. The correction voltage to do this 
must therefore be the space potential db itself since the 
ions which have an energy of e(V-- d) lost 2ed upon en 
tering the analyzer and therefore start their trajectory 
inside the analyzer with an energy E of e(V - (b). The 
electric field is (V - d.)/H where the distance between 
plates 40 and the distance traveled is DE/(V - b) 
D(V - d.)/(V-d)) = D. 
The electron density at a point q within the grid 30 

shown in FIG. 1 may be determined from the relative 
number of ions produced there, if the electron temper 
ature is known. Since the number of 2+ ions is approxi 
mately Nef(T) (in the thin target approximation) 
where N is the electron density and T is the electron 
temperature, N and Te can be determined separately 
by measuring the relative numbers of ions created by 
two different reactions having different f(T). Thus, Ne 
and T may be determined separately from the relative 
number of ions detected by the 2+ ion detector 34 and 
the 3+ ion detector 36. 
Reference will now be made to FIG. 14a wherein the 

four-quadrant nature of the split detector 34 is shown 
in detail. As shown there, the detector 34 comprises the 
narrow plate 45 mounted on top of the wider plate 46 
with the detecting surfaces being parallel to the xz 
plane. The plates 45 and 46 are then split by a plane 
parallel to the xy plane to form a narrow gap 56. The 
split between the plates 45 and 46 detects only those 
changes in trajectory with respect to the yz plane or 
along the x axis while the momentum detector only de 
tects those changes in the trajectory with respect to the 
xy plane and along the z axis. The four-quadrant detec 
tor 34 should be mounted inside a shielding box (not 
shown) to collect any secondary electrons emitted 
from the detecting surfaces. The signals from each 
plate 45a, 45b, 46a and 46b are amplified by preampli 
fier 245a, 245b, 246a and 246b respectively and then 
passed through the resistors 48a, 48b, 48c and 48d to 
amplifier 48 and through resistors 53a, 53b, 53c and 
53d to amplifier 53. 
A modified four-quadrant detector is shown in FIG. 

14b. Again parallel sensing plates 45' and 46' are uti 
lized as the energy detector. But rather than split the 
plates again and separate them by a narrow gap as 
shown in FIG. 14a, a plurality of parallel sensing plates 
58 pependicular (a lesser angle could be used) to the 
plates 45' and 46' and parallel to the ry plane are uti 
lized. Where the 2+ ions are in a trajectory parallel to 
the xy plane, very few of the 2+ ions will be detected 
at the detecting surfaces of plates 58. However, where 
the trajectory forms an angle with respect to the xy 
plane, the detecting surfaces of the plates 58 will detect 
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6. 
the 2+ ions thus providing a measurement of the mo 
mentum added by the plasma current. As in the case of 
the four-quadrant detector shown in FIG. 14a, the sig 
nals generated by the detection of 2+ ions at the plates 
58 and the parallel plates 45' and 46' are applied to the 
inputs of the amplifier 48' and 53' through preamplifier 
and summing resistors not shown. 
A block diagram of the overall system for providing 

measurements of the plasma current as well as the elec 
tron density and space potential of the plasma will now 
be described with reference to FIG. 4. As shown there, 
a pulser 60 steps a 400 channel analyzer 62 repeatedly 
through all 400 channels. A V staircase which is pro 
portional to the channel numbers reset every 20th 
channel is generated. A V staircase signal that steps 
every 20th channel is also generated. A control circuit 
64 coverts the staircase signal to voltages which are ap 
plied to a high voltage supply 66 and a sweep amplifier 
68 to provide the detection grid 30 as shown in FIG. 1. 
The 2+ ions which pass through the electrostatic en 
ergy and momentum analyzers are detected and the re 
sulting signals are amplified. Appropriate feedback sig 
nals are then generated in the case of b and p with the 
measurements N, (b and p, being stored in the appropri 
ate channels of the analyzer 62. 
To make a measurement with this system, the analy 

zer 62 is stepped through all 400 channels with a meas 
urement point q following in an appropriate fashion. At 
each point q, the parameter to be measured (n, b or p) 
is sampled and digitized and stored in the appropriate 
channel in the analyzer 62. This process can be re 
peated with the digitized signals being added together 
each time a specific channel is passed thus effectively 
providing signal averaging. The measured signal can 
then be displayed as a tonal map on the analyzer dis 
play cathode ray tube 74 in the form of the maps shown 
in FIGS. 10, 12 and 13. 

In both detectors shown in FIGS. 14a and 14b, the 
trajectory of the 2+ ions with respect to the xy plane is 
determined. In the case of the detector of FIG. 2a, the 
displacement of the 2+ ions with respect to the xy plane 
is detected. In the case of the detector of FIG. 2b, the 
angle of the 2+ ions with respect to the xy plane is de 
tected. 

In accordance with another important aspect of the 
invention, the heavy-ion source 20 as shown in FIG. 1 
generates an ion beam comprising ions having substan 
tially uniform velocity. The details of an ion source ca 
pable of providing ions of uniform velocity will now be 
discussed with reference to FIG.S. 
The ion source or ion gun of FIG. 5 comprises an ion 

emitter 100 and an extractor 102. A glassy cinder com 
prising a Cs or Tl zeolite is contained within a heater 
104 such that an ion emitting surface 106 is located 
substantially at an anode plate 108 of the extractor 
102. By locating the ion emitting surface 106 at the 
anode plate 108 the electric field generated by the ex 
tractor 102 as seen at the plate 108 is substantially the 
same electric field that is seen at the ion emitting sur 
face 106. This results in the extraction of ions having 
substantially uniform velocity. . 
The resulting ion beam passes through a first lens 110 

on to a target 112 having a small aperture 114. The ions 
pass through a small aperture 114 and into a drift space 
116 before entering a second lens 118. A final acceler 
ator gap 120 is provided for the ions passing between 
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deflection plates 122 which are schematically repre 
sented as deflection plates 24 in FIG. 1. 
As mentioned previously, the thermionic ion emitter 

100 comprises a zeolite doped with an appropriate ion. 
Zeolite is then heated to approximately 1,400°K. and 
placed in an electric field. The ions can be created 
chemically long before being incorporated in the ion 
gun, and the zeolite merely serves as a storage medium. 
Although many differentions may be incorporated into 
zeolites, alkalai metal ions or ions with similar chemis 
try have been found to be particularly well adapted for 
use in the ion source. One very heavy atom which has 
a chemistry similar to the alkalai metals and is there 
fore considered as a suitable alkalai metal is thallium 
(204.4 amu) with a valence of one so that a zeolite ion 
source can provide ion beams in convenient steps 
throughout the whole atomic mass range from 7 to 204 
al, 
The zeolite may be prepared by taking a standard so 

dium zeolite and chemically exchanging sodium for the 
desired ion. This can be accomplished by washing the 
zeolite in an appropriate salt solution until an equilib 
rium mixture of sodium and the particular ions utilized 
is reached in both the zeolite and the solution. Then the 
zeolite is permitted to settle out, the salt solution de 
canted off and replaced with a fresh solution, and a new 
equilibrium reached with a higher ion concentration. In 
this fashion almost all the sodium could be replaced 
with the desired ion, except that in some zeolites larger 
ions (especially Cs+) cannot enter all of the sites where 
the Na+ ions exist, so that in these zeolites some so 
dium (perhaps 20 percent) remains. After the final 
washing, the zeolite is dried, ground to a powder and 
stored. 
The ion emitter 100 is constructed as shown in FIG. 

5a. A five turn heater coil 124 of .025 cm. tungsten 
wire is made by wrapping the wire around a small ma 
chine screw with the leads bent to come in axially along 
one end of the coil 124. This coil 124 is then inserted 
into an alumina holder 126 which serves to support the 
coil 124 and the zeolite, and also to insulate the tung 
sten leads. The aluminum holder 126 is a commercially 
available cylindrical insulator, approximately 5mm. In 
diameter and about 25mm. in length. Heater leads 128, 
which are inserted through two small holes 130 in the 
holder, are each wrapped with a second tungsten wire 
which serves to cool the leads and to lower the joule 
heating. Without this precaution, the heaters are sub 
ject to a thermal instability in which when the power is 
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first turned on, the leads heat first, because they have 
less thermal mass than the coil and zeolite. As a result, 
the leads have a greater resistance and so absorb a 
greater fraction of the power. The end result is that the 
leads 128 become white hot while the coil and zeolite 
would only become dull red. 
The zeolite is put into the heater coil 124 in the form 

of a paste made by adding water to a small quantity of 
zeolite. Either a spatula or an eye dropper may be used 
to pack the zeolite into the heater coil 124 and an elec 
tric current (approximately 4 amps) runs through the 
heater to dry the paste; during the drying the zeolite is 
shaped and smoothed with the spatula to form the flat 
surface 106. The zeolite is then heated to a bright red 
heat to convert irreversibly the zeolite to an amorphous 
glassy form which has a greater mechanical strength 
and which is the actual ion-emitting substance. In order 
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8 
to protect the tungsten wire from oxidation, this final 
heating is done in a vacuum. 

In the particular gun shown in FIG. 5, the ions were 
extracted across a 1.27 cm. gap by a 3-10kV/cm. field, 
then focused by a first lens 110 on the aperture 114 
having a hole .0343 cm. in diameter. This aperture was 
then the object for the projection lens 118 and the 
beam size at one meter was just the image of this aper 
ture 114 magnified by the projection lens 118. 
The lenses 110 and 118 are electrostatic unipotential 

lenses-three element lenses with the outer elements at 
the same potential. These lenses can be designed with 
a wide variety of ways, but all such designs have two 
features in common: any focal length from infinity 
down to the lens size itself can be achieved merely by 
changing the voltage on the center element, and any 
given lens design can be scaled to any size. 
One of the difficulties in the ion gun of FIG. 5 is that 

it is difficult to improve on the ion beam. In order to de 
crease the beam size, for instance, the target hole 114 
can be made smaller, or the object distance of the pro 
jection lens 118 can be increased, but either change de 
creases beam current, unless the aperture of the projec 
tion lens 118 is also increased. The current passing 
through the target whole 114 is therefore essentially 
space-charge limited and cannot be readily increased. 
The ion gun of FIG. 6 which utilizes the space-charged 
design principles developed by J. R. Pierce, Theory and 
Design of Electron Beams (D. Van Nostrand Co., Inc., 
New York, 1954), 2nd ed., Chap. 9, p. 145, Chap. 10, 
173, for electron guns solves this problem. 
In the gun of FIG. 6 (elements and sections which are 

analogous or equivalent to the elements and sections of 
FIG. 5 are labeled with the same reference characters 
followed by the lettera), the extraction field is shaped 
so that the ion flow is parallel to the extraction field. 
This is accomplished by suitably shaping the negative 
extraction electrode 124 to act as a diverging lens, giv 
ing a virtual image of the ion emitter at approximately 
1.7d behind the emitter surface 106a, where d is the 
separation between the emitter and the extraction elec 
trode 124. Because this image is formed from parallel 
flow, it is not an image of the emitter surface 106a, but 
rather the velocity distribution of the beam. The center 
of this image consists of ions traveling the optic axis 
and any circle centered on this central point consists of 
ions with constant VL. 
The gun of FIG. 6 is extremely efficient; approxi 

mately 30 percent of the extracted beam can be deliv 
ered as the usable ion beam, as compared to approxi 
mately 0.3 percent with the ion gun of FIG. 5. It can de 
liver a 10kV, 1pi. A beam of Tl-- or Cs+ with a diameter 
of about 4mm. at one meter. A greatly increased effi 
ciency permits the zeolite temperature to be much 
lower than in the case of the gun of FIG. 5. This in turn 
results in a drastic increase zeolite life-time (from min 
utes to at least hours in the case of a Tl--source). 
The ion beam energy for the ion sources of FIGS. 5 

and 6 is controlled electrostatically by connecting a 
well regulated, programmable 30KV power supply to a 
center tap 130 of a transformer winding 132 supplying 
the current to the zeolite heater filament. To within the 
voltage difference between the transformer center tap 
130 and the emitter surface 106 or 106a (less than 1 
volt), the ion energy (in a drift space at ground poten 
tial) is eV where V is the output voltage of the power 
supply. Within the ion optic system, however, the ion 
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energy is determined by the extractor power supply 
134, which is connected between the negative extrac 
tor plate and the 30KV power supply. Lens power 
supplies 136 and 138 are also connected between the 
30KV power supply and the negative plates of the first 
and second lens 110 and 118 respectively. 

In accordance with another important aspect of the 
invention, the linear field distribution lens 26 is utilized 
to magnify the sweep of the ion beam while maintaining 
a substantial separation between the deflection plates 
24 and the plasma 28 as shown in FIG. 8. Because of 
the vacuum magnetic fields in the region of the plasma 
28, there is a very strong focusing effect on the ion 
beam generated by the ion source 20 and swept by the 
deflection plates 24. In the absence of the lens 26, the 
primary ion orbits would be focused to a point shortly 
after passing through the plasma thereby resulting in 
poor spatial resolution. 
However, by utilizing the lens 26, the focusing prop 

erties of the vacuum magnetic field are overcome so as 
to achieve the substantially parallel ion orbits repre 
sented by lines 142 where lines 140 represent secon 
dary paths. With the lens 26, the secondary detectors 
may be located a substantial distance from the plasma 
28 in a vacuum duct 144 while still maintaining good 
spatial resolution. Furthermore, with the arrangement 
shown in FIG. 8, the sweep plates 24 may be main 
tained a substantial distance from the plasma 28 and 
the sweep voltage may be minimized while still achiev 
ing the parallel orbits represented by the lines 142. As 
a result, there is no high current loading of the sweep 
amplifier for the plates 24 and there is little risk of 
breakdown between the sweep plates 24. The use of the 
lens 26 also permits the aperture to the plasma 28 to be 
minimized thereby facilitating differential pumping be 
tween the area of the plasma 28 and the area in which 
the sweep plates 24 are located. As a result, an increase 
of pressure at the plasma 28 prior to firing will not ef 
fect an increase in pressure at the sweep plates and this 
too avoids high current loading of the sweep amplifier 
and the risk of severe breakdown problems between 
the sweep plates 24. 

. The lens 26 comprises first and second sets of parallel 
plates 146 which extend substantially parallel with the 
beam plate from the ion source 20 to the plasma 28 and 
perpendicular to the xy plane. The plates 146 are main 
tained at quadratically increasing potentials with re 
spect to a centerline 148 to develop a linear field distri 
bution which will now be described with reference to 
FIGS. 9a and 9b. 
A first set of plates 146a and a second set of plates 

146b on only one side of the centerline 148 are de 
picted in FIG. 9a. It will be understood that the beam 
passes between the sets of plates 146a and 146b 
through the space 150 extending along the xy plane. 
The field at various locations within the lens is repre 
sented by the ordinant of FIG.9b for various distances 
from the centerline 148 as represented by the abscissa 
in FIG.9b. In order to achieve this linear field distribu 
tion within the gap 150, the plates 146 are maintained 
at quadratically increasing voltages as the distance 
from the centerline 48 increases. 

Utilizing the previously described ion beam probe 
system, it is possible to map the momentum P, the 
electron density n, and the space potential b as shown 
in FIGS. 10, 12 and 13 respectively. It will be noted 
that the electron density n map of FIG. 12 and the 
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10 
space potential db map of FIG. 13 are similar except the 
peak in b lies above and to the left of the peak in n. 
Once having determined and mapped the momentum 

p as shown in FIG. 10, it is then possible to determine 
and map the current density of the plasma as shown in 
FIG. 11. This is possible since the current flow in the 
plasma produced an additional magnetic field which 
will alter the orbits of both the primary and secondary 
beams. The calculations are carried out in a cylindrical 
coordinate system where the z axis is perpendicular to 
the plane of symmetry and intersects the symmetry 
plane at the center of the plasma (center of the lim 
iter). 

It is apparent from FIG. 3 that the orbits of secondary 
ions emitted at various points along the primary beam 
path, diverge in the z direction after leaving the plasma 
and that the z displacement at any radial position is 
closely related to the radius at the emission point. If the 
current density has only a z component and the distri 
bution has cylindrical symmetry, and if the vacuum 
magnetic field has only a z component, then it can be 
shown that das?dre is proportional to B e. and, to a 
good approximation dz/dre is also proportional to Be 
where is and zs are the velocity and the displacement 
of the secondary beam at rid the radial position of the 
detector, re is the emission radius and B9 e is the mag 
netic field due to the plasma current at the emission ra 
dius. Consider first the equation from the primary 
beam from the starting radius r to the emission radius 
le 

z F a B 69 (r)r 
(Eq. la) 

e 

2,- a B.(r); dt = a Ba(r) dr (1b) o 

to r r(t) 
z- dt Ba(r) dr (1c) 

) fo 

where a = e/mc and B is the magnetic field due to 
the plasma current (a function of r only). Initial condi 
tions are t = z = z = 0 at r = r 

63/6re = oB (r) 
(Eq. 2) 

az, at r - 
E-o: o Ba(r) dr (3) 

For the secondary orbit is and z at some radial position 
d is 

d ' 

i.-a, B(r) dr- 2p (4) 
e 

td r(t) ta t 
z-a? d B(r) dr-- ? Ždt - 2p (5) 

fe re te 

83/8dre = B (re) or - ol. 
(Eq. 6) 

Eq. 6 shows that the rate of change of the z component 
of momentum evaluated at some radius r is a direct 
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measure of the field produced by the plasma current at 
the emission radius r. Unfortunately, the z component 
of momentum is small compared with the x-y compo 
nents and is rather difficult to measure. 
Substituting vids for dt in Eq. 5, taking the derivative 

with respect to re yields 
202d (Se-St) B (re) -H cy dre 

i? I (S-25E)) dre B(r)dr-2 re Ba(r) dre dre dr. (7) 

For beam orbits that escape the magnetic field (which 
are the only ones considered) S(r) is nearly a linear 
functon of r, so the differential in the last integrand 
nearly cancel. Secondary orbits for r and re -- Are will 
be nearly parallel and 8S/6r will be less the unity. The 
integral over B 8 (r) is of the order of rB (r) where 
r is the plasma radius. The length of the secondary 
path (S-S) is in general at least five times larger than 
r. Consequently, 8za/6re should be at least an order to 
magnitude more sensitive to B 8 (re), the field at the 
emission point, than it is to be integrated field over the 
path. The reason for this is that all the secondary ions 
sample the same field from the edge of the plasma to 
the detector, but due to the curvature of the paths in 
the vacuum B field dr/dt is not the same for all of them. 
In effect, some orbits take a longer time to reach the 
detector, and consequently have a larger z displace 
ment due to the initial z velocity. This is a small effect 
giving rise to the small correction represented by the 
second integral in Eq. 7. The first integral is due to the 
variation of the initial z velocity at the emission point 
and, again, since the integrated field sampled by all the 
primary orbits will be nearly the same, the initial zve 
locity will not be a strongly varying function of the 
emission point. In general, then, the B 9 (re) field at 
the emission point will dominate 82/8re so that an ex 
perimental determination of Öza/6re provides a direct 
measure of the current produced field, and conse 
quently the current distribution. 

It is to be understood that the invention as shown 
herein and described is the preferred embodiment only 
and that various changes may be made without depart 
ing from the spirit of the invention as set forth in the ap 
pended claims. 
What is claimed is: 
1. A system for simultaneously measuring electron 

density, space potential, and current density of a 
plasma with an ion beam probe comprising: 
an ion source for generating a heavy-ion beam char 
acterized by substantially uniform ion velocity; 

a sweep means for scanning said heavy-ion beam in 
a plane intersecting said plasma; 

a sweep magnification means for increasing the angle 
of scansion in said plane to permit the separation 
of said sweep means from said plasma; and 

an analyzing means responsive to the ions having a 
step change in charge resulting from ionizing colli 
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12 
sions in said plasma so as to measure electron den 
sity in said plasma, space potential in said plasma, 
and the change in trajectory of said ions with re 
spect to said plane which results from the current 
in said plasma, said analyzing means comprising: 
deflection means for deflecting said ions with re 

spect to said plane; 
sensors for sensing ions having different trajecto 

ries with respect to said plane; and 
means for generating a signal representing the dif 
ference between the number of ions sensed by 
one of said sensors and a number of ions sensed 
by another of said sensors, said signal being ap 
plied to said deflection means and representing 
the current density of said plasma. 

2. The system of claim 1 wherein said sensors com 
prise adjacent and parallel planar detecting surfaces. 

3. The system of claim 1 wherein said sensors com 
prise a plurality of spaced parallel detecting surfaces 
angularly disposed with respect to said plane and a de 
tecting surface for detecting the ions passing through 
the spaces between said parallel detecting surfaces. 

4. A system for simultaneously measuring electron 
density, space potential, and current density of a 
plasma with an ion beam probe comprising: 
an ion source generating a heavy-ion beam charac 

terized by substantially uniform velocity compris 
ing: 
a heater, 
an ion emitting surface comprising a zeolite doped 
with an alkali ions or thallium ions, said surface 
being heated by said heater, 

an ion extractor comprising an anode plate located 
substantially at said surface so as to provide an 
electric field at said plate which is substantially 
the same field seen at said surface; and 

a lens for focusing the ions emitted from said sur 
face into a beam; 

a sweep means for scanning said heavy-ion beam in 
a plane intersecting said plasma; 

a sweep magnification means for increasing the angle 
of scansion in said plane to permit the separation 
of said sweep means from said plasma; and 

an analyzing means responsive to the ions having a 
step change in charge resulting from ionizing colli 
sions in said plasma so as to measure electron den 
sity in said plasma, space potential in said plasma 
and the change in trajectory of said ions with re 
spect to said plane which results from the current 
in said plasma. 

5. The system of claim 4 wherein said sweep magnifi 
cation means comprises a linear field distribution lens 
including a plurality of pairs of plates perpendicularly 
disposed with respect to said plane and having quadrat 
ically increasing potentials on either side of a centerline 
extending toward said ion source. 
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