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INVESTIGATION OF PLASMA ACCELERATOR

(CYCLOTRON RESONANCE PROPULSION SYSTEM)
by

David B. Miller, George W. Bethke, and Giles F, Crimi

ABSTRACT [§o°2°

Five different electron-cyclotron-resonance plasma accelerators
have been tested, All are of the longitudinal-interaction type, where the
r-f propagation vector is parallel to the plasma acceleration direction.,
Two feature axial injection of the propellant through a hole in the waveguide
window; these were shown to have relatively low power efficiency’!< (< .42),
and the window design is apparently weakened by the axial gas injection hole,
The other three inject gas through oblique peripheral ports, Solid wave-
guide walls are used in two of these; the other uses screen waveguide,
allowing gas pumping between the window and the injection point, High (up
to . 79) power efficiencies have been measured for these peripheral-injection
accelerators. A thrust stand has been specially built for these accelerators.
Preliminary thrust measurements at 912 watts r-f power indicate thrust
efficiencies (T2/2 ™m P) on the order of .4 at 3200 seconds. Mapping of the
r-f field indicates that most efficient operation occurs when the r-f/plasma
coupling takes place in a region removed from the window; an analytical
model results in theoretical correlation with these mappings. Potential
probes have been used to verify and measure the charge-separation electric
field profile, A multigrid, retarding-potential probe has been used to

measure the ion energy distribution, ,\*e\,n
A d

Power efficiency = p\lasma stream power/incident r-f power.
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l. SUMMARY

A new test facility, specially designed and built for this study, has
been used to test several new types of electron-cyclotron-resonance plasma
accelerators, All are of the "longitudinal interaction'' type, where the
propagation vector is parallel with the plasma acceleration direction and
all utilize a circularly polarized 'I'E1 mode at 8, 35gc in a cylindrical guide
which is below cutoff for higher order modes. Specifically, the following
models have been evaluated:

Mark IV-L (Axial-injection, long version).
Gas is injected through an axial hole through the waveguide
window, R-f probes and calorimeters are located in the
accelerator walls, Power efficiency is low, Measured wall
power loss is also low, but wall erosion is evident.

Mark IV-S (Axial-injection, short-version).
This accelerator utilizes the same injection scheme as for the
Mark IV-L design but is much shorter, with no r-f probes or
wall calorimeters. The shorter plasma chamber resulted in
no significant increase in efficiency. Wall erosion continued to
occur. Several dielectric windows failed, possibly caused by
dimensional irregularities in the accelerator but also believed
to reveal an inherent structural weakness in this window design,
Potential probes, the energy analyser probe and the diode
sampling probe array were first tested with this thrustor,

Mark V-L (Peripheral-injection, long-version).
In the Mark V devices, the gas is injected through peripheral
holes drilled at an angle through the plasma chamber wall just
beyond the waveguide wall, The long version has r-f probes
and calorimeters in the plasma chamber wall. Power efficiency
was about the same as for the Mark IV accelerators, (Although
the diode sampling-probe array indicated power efficiency should
be greater than for the Mark V-S accelerator), The wall
calorimeters had too much thermal conductance, preventing
sensible wall power measurements, Analysis of the r-f probes
revealed a complex pattern requiring greater spacial resolution
for proper interpretation. The energy analyser probe indicated
ion energies less than for the Mark IV-S accelerator.

Mark V-S (Peripheral-injection, short-version),
Gas injection is the same as for the Mark V-L model, but the
plasma chamber is much shorter. Ignition problems were solved
by a short radial tungsten wire, which apparently reduced the
breakdown point sufficiently., Power efficiencies were much better



than for any previous electron cyclotron resonance accelerator,
with a high point of , 79 and with repeated readings above . 6.
Initial thrust stand measurements were taken with this accelerator.
Although the thrust stand has a number of inadequacies, thrust
readings were obtained. Thrust efficiency of approximately .4
and greater at about 3200 second specific impulse were recorded.
Extensive probing of the Mark V-S exhaust stream was carried
out. The r-f/plasma coupling under most favorable operating
conditions was shown to take place relatively far beyond the
window., Plasma diamagnetism must be below 3%. Langmuir
probes were used to map the potential profile, and a retarding
potential energy analyser was employed to measure ion energies,
Extrapolation of the potential proportional to magnetic field
generally results in potential differences somewhat greater than
measured ion energies,

Mark VIII (Screen waveguide)
The plasma chamber in this model is formed by a copper screen
cylinder jutting out into the vacuum chamber., Gas is injected
from peripheral tubes terminating some distance beyond the
window (the Mark V window is used), This allows pumping
between the window and the injection point, reducing the gas
density next to the window and therefore hopefully reducing
power passing from the plasma to the window, Although no
direct measure of window heating was made, the power
efficiency was found to be quite high (up to ~ .65). Erosion of
the copper screen was noted.

In order to interpret r-f probe measurements as well as to obtain
necessary information for proper evaluation of reflection coefficient data,
analysis of a theoretical model has been carried out, In this model, a
cylindrical waveguide having the same diameter as the experiment was assumed
to be filled with a plasma whose electron density has an exponential position
dependence., The experimental magnetic field contour was assumed, and the
Doppler broadening process was taken as the damping mechanism, Plots of
r-f electric field correlate well with experimental results, Reflection
coefficient as a function of frequency was also calculated.

In summary it can be stated that considerable progress has been
made during this contract year., Power efficiencies are higher. A thrust
stand has been operated and has revealed that total thrust efficiency and
specific impulse are in interesting ranges, Diagnostics and theoretical
correlation have unveiled many of the important operating mechanisms and
characteristics of this type of accelerator, Finally, new accelerator designs
have shown promise,




Continued effort should be made on improvement of the accelerator
configuration and of the thrust measurement, The mass flow metering
technique should also receive careful attention, In addition, thrust and
mass flow data should be corroborated by further ion energy analysis. This
ion energy should in turn be confirmed by more quantitative potential profile
mapping in order to verify basic operating principles, Direct measurement
of the electron density and energy profiles should also be made for further
revelation of basic mechanisms, Permanent magnet methods should be
explored to replace the present electromagnet., Finally, more practical
propellants, such as liquid metals, must be employed.



2. INTRODUCTION

Use of an electron-cyclotron-resonance, magnetic-expansion, plasma
accelerator for space propulsion purposes was to our knowledge first pro-
posed in late 1960 by General Electric (Reference 1). This proposal was
accepted by NASA, who has continued to sponsor this work since 1961
(References 2, 3,6,8,12,15,16,21,24). Independently, workers at RCA
began development of a similar scheme soon thereafter (References 7,11,

18, 20,23). French researchers at Centre d'Etude de Saclay have been
working on this type of plasma accelerator at least since 1963 for controlled
thermonuclear reaction (fusion) purposes (References 9,10,13,17,22). An
Oak Ridge National Laboratories group has made significant advancements

in electron cyclotron heating for fusion (References 4, 5, 14), although their
techniques do not directly involve macroscopic acceleration. Recently it

has come to our attention that the Russians are also interested in this heating
process (Reference 19),

Prior to this year's effort, three years of study by General Electric
under NASA contract had been spent on the electron cyclotron resonance
accelerator (see Final Reports, References 2,6, 15). During these earlier
periods, the basic operating principles were considered theoretically,
steady-state c-w acceleration was experimentally accomplished at medium
power (320 watts, S-band), an X-band c-w experiment was brought into
service and used for high power (>4kw, cw), steady-state (>250 seconds con-

tinuous), high power efficiency* (>, 50) tests, and space propulsion applications
were investigated.

Because of the favorable efficiency as well as the possibility of unique
space mission applications, this fourth year of development was authorized.
The objectives of this year's program have essentially been two-fold, first,
to improve operating efficiency, and, second, to obtain a more complete
measurement of thethrustor characteristics, especially measurements which
would independently corroborate the earlier power efficiency result.

This report willfirst describe the experimental equipment: facilities,
accelerators and diagnostics techniques. Results to date will then be pre-
sented for each accelerator. Finally, analysis of a theoretical model used
to interpret measurements will be discussed.

*Power efficiency = plasma stream power /incident r-f power.




3. EXPERIMENTAL EQUIPMENT

3.1 TEST FACILITY

The experimental work for this contract is being carried out in a
new Test Facility, financed by General Electric facility funds. This
facility, shown in the accompanying photographs and diagram (Figures 1,
2 and 3) has the following specifications:

vacuum tank: 4' diameter, 6' long, full-sized hinged doors each
end, stainless steel,

pumping system: (2) oil diffusion pumps, each rated at 18, 000
liters per second; estimated total pumping capacity
(taking into account flow resistance due to right
angle valves and baffles) is 9000 liters per second
(20, 000 liters per second without the baffles).

ultimate attained pressure:
1.6 x 10~ mm Hg (without liquid nitrogen in baffles).

high voltage power supply: 12,5 - 16 k vd c, 3 amperes maximum.
(three phase full-wave bridge circuit).

3.2 THRUSTORS

New accelerator designs are shown in Figures 4 - 11, Continuing
the accelerator designation system begun for X-band accelerators during
Contract NAS3-3567, these will be referred to as the Marks IV -VIII designs.

The Mark IV-L thrustor (Figures 4-6; the L designation indicating
the long version) is an axial-injection configuration in which the propellant
gas is injected from a pressure chamber into the plasma acceleration
chamber through a smali diameter hoie drilied completely through the
ceramic dielectric window. The smallest hole which the window vendor was
able to put through these ceramic pieces was approximately . 015 inches in
diameter. In order to reduce the propellant flow to the desired levels,
however, the pressure chamber had to be held down at such a low pressure
(~ 50 torr absolute) that a shielding (and damaging) discharge formed in this
interwindow region. This undesirable phenomenon was cured by filling the
original . 015 gas hole with a high-temperature, electrically-insulating cement
(Sauereisen type DW-30), leaving a small (<. 001 diameter) through hole,
This resulted in interwindow pressures greater than an atmosphere, high
enough in general to prevent interwindow discharges, although occasional
spurious electrical effects still did take place in this region. These latter
phenomena might have been related to behavior of the cement, which was
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Figure 5. Mark IV (Axial Injection) Accelerator, Mounted on Vacuum Tank

Figure 6. Photograph of Assembled Axial-Injection (Mark IV) Accelerator




observed to exhibit some small amount of reaction to the high-power r-f.
Over the course of perhaps 103 seconds operation, erosion of the cement,
indicated by increased flow for a given pressure, was also observed. Thus
if this technique were to be employed in a final engine, a much more satis-
factory filling material must be found.

Both high purity alumina and beryllia were employed for the thick
(1/2X) window in the Mark IV accelerator. Apparently the hole through the
window weakened it structurally sincein all cases the window eventually
developed hairline radial cracks which penetrated through the entire window
thickness. The alumina windows failed very rapidly while the beryllia units
lasted considerably longer. Note that the window flange was designed with
a thin section adjacent to the ceramic and the water cooling. This section
was to have been sufficiently flexible to take up any radial strains which
might appear in the window, but apparently this measure was inadequate.

The inside diameter of the waveguide through the pressure and plasma
chambers is maintained at the 1. 152 inch polarizer dimension. Although
this results in considerably higher window power density loading than in the
two inch diameter Mark I accelerator (see Final Report, NAS3-3567), it is
below cutoff for modes above the fundamental TE;; mode and so will be less
affected by multiple modes and ''ghost' modes within the window.

Views of the Mark IV accelerator mounted in operating position on
the vacuum tank are shown in Figures 5 and 6.

The short version of the axial injection accelerator (Mark IV -S) is
identical with the unit shown in Figure 4 except that the plasma chamber
(between the 1/2A window and the right-hand exit plane) has been shortened
to one inch. In addition, the wall calorimeters and r-f probes have been
eliminated, and the plasma chamber is made of stainless steel rather than
copper.

The Mark V-L accelerator is shown in Figure 7, In this geometry
a single solid dielectric window is used, and the propellant gas is injected
peripherally through six angling holes in the plasma chamber wall just on
the vacuum side of the window. The same 1. 152 inch inside diameter is
employed as for the Mark IV design. The short version (Mark V-S), shown
in Figure 8 again has a one-inch-long stainless steel plasma chamber without
probes and wall calorimeters.

Alumina, beryllia and sapphire windows have been used with the
Mark V accelerators, the latter (sapphire) being only 0. 10 inch thick, while
the ceramic windows are one-half wavelength thick, The alumina windows
were again noted to crack under any significant plasma loading (e.g., 1 kw)

10
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Figure 8. X-Band Longitudinal-Interaction Accelerator; Peripheral
Injection; Short Version (Mark V -S)
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as did the sapphire design. Extensive testing has been performed with eight
beryllia windows, failures occurring only when the window temperature* was
allowed to rise too high.

The Mark VI Thrustor, shown in Figure 9 uses the Mark V window but
expands to a larger diameter plasma chamber in hopes of reducing wall loss.
The length of chamber is also adjustible in order to determine optimum accel-
erator length. This unit has been built but not yet tested.

A Mark VII design has been constructed but also not yet tested. This is
essentially the same as the Mark V-S design except that a boron nitride window
is used.

The Mark VIII accelerator is shown in Figures 10 and 11. Note that the
Mark V window is again employed but that the injection point is quite far away
from the window. This is done in order to reduce the window heating by removing
the plasma from the region immediately adjacent to the window. Using copper
screen to guide the r+ wave allows pumping between the window and the injection
point so that the gas density and plasma density in this region will indeed be low.

3.3 MAGNETIC FIELD

A single coil (Magnion ""plasma flux' coil, type P¥3-285-175) is used with
these accelerators. The resulting on-axis field distribution is plotted in Figure 12.
A three-phase bridge rectifier circuit has been built to supply the d-c (up to 292a,
88 v) for this coil.

3.4 R-F SYSTEM

The r-f system to generate the microwave power is shown in Figure 13.
Note that the input r-f power to the accelerator is continuously monitored by a
calorimetric power meter. The system, with this power meter, has also been
operated into a calibrated water load/calorimeter (Varian, Model V-4045F, Ser.
#19), comparing the two absolute power meters up to 5 kw. Using the measured
value for the DBH631 30 db directional coupler (29. 6 db at 8., 35 gc), the HP434 A
calorimetric power meter was found to read accurately within 5% up to 5000 watts.
The polarizer is a special unit built by DeMornay-Bonardi Company, designed
for 8.35 gc. The radiation pattern is still measured to have ellipticity, however,
as discussed in Appendix IV. A photographic view of the overall system is shown
in Figure 14.

3.5 REFLECTION COEFFICIENT

A pair of thermistor power meters in a standard waveguide reflecto-
meter arrangement (see Figure 13) is used to compare incident and reflected
power. In addition, these two powers are chart recorded continuously during
each run using crystal detectors. In all tests, the tuner is used to minimize

* A thermocouple is located in the plasma chamber wall adjacent to the
window flange.
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Figure 11, Mark VIII Accelerator
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the power appearing in the reflected wave traveling back toward the klystron.
Because this reflectometer is located several waveguide feet back from the
accelerator, power lost in heating the walls of the connecting waveguide is
not taken into account either in determining power incident on the plasma or
in determining the plasma reflection coefficient. Since losses along such a
waveguide are generally small, this inaccuracy should also be small.

3.6 R-f PROBES (FIXED AND MOVABLE)

R-f probes located in the accelerator walls (see Figures 4 and 7)
respond to the r-f electric field in the vicinity of the probe. The induced
signal is rectified through a crystal detector and then recorded on the chart
recorder. These probes will behave much like the moving probe in a slotted
standing wave detector, and the separate probe signals must be interpreted
as responding at any instant to the standing wave pattern existing within the
accelerator at that instant. It must be remembered, however, that this
wave pattern will exist within a lossy medium (plasma) so that the field
strength will ultimately go to zero as depth within the plasma increases.
Although an attempt was made to make all probes as identical as possible,
they will not have identical sensitivities and so will have to be calibrated
before they can be used on a comparative basis.

In order to overcome the difficulties discussed above, the movable
r-f probe shown in Figure 15 was installed., Since this is a single probe,
there is now no problem of probe dissimilarity. It also measures con-
-tinuously with axial position through and beyond the plasma diameter,
Finally, it is applicable to all accelerators, eliminating the need for installing
probes in the accelerator walls.

3.7 WALL CALORIMETERS

Three button calorimeters are located in the plasma chamber walls
of the Mark IV-L and Mark V-L accelerators as shown in Figures 4 and 7.
Construction details are shown in Figure 4. These calorimeters are not
sufficiently insulated so that they continue to gain temperature throughout
a test, but rather they rapidly attain an equilibrium temperature indicative
of the power incident on them from the plasma. This power may be calculated
from the cooling curve:

AT = ATO e-t/‘r

where AT is the temperature (relative to ultimate) at time t,
and ATO is the initial temperature at t = 0,

The time constant T is found to be different for each calorimeter and to be
somewhat a function of temperature but is approximately 30 seconds. From
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the cooling expression, the power being lost at any temperature (and there-
fore the absorbed power) can be derived as:

oM
T

P= - AT

where ¢ is the specific heat (~ .09 cal/gm - oC for copper) and M is the
mass of the calorimeter, Since the calorimeters have a mass of . 77 gm,
this amounts to a power loss of about . 97 watt from each calorimete r per
100°C calorimeter temperature (A T). Converting this to power density
by dividing by the known exposed area of the calorimeters (.31 cmz) and
then multiplying by the accelerator wall area (41 cmz) yields a power of
about 1.3 watts going to the accelerator walls per 1° C AT.

3.8 TOTAL CALORIMETERS

Measurement of the total power carried by the accelerated plasma
stream is a relatively simple, accurate and revealing technique., The plasma
is impinged on a collector, which, if properly designed, receives essentially
all of the plasma energy. The heating rate of the calorimeter, or the steady
state temperature rise of a metered calorimeter coolant flow, then yields
power, One must take care that the total plasma power is transferred to
the calorimeter rather than being carried away by reflected particles, although
this is a relatively easy criterion to meet. Radiation and conduction may
also carry significant power away from the collector. Interpretation of the
measurement is not as simple, however, since total plasma power is
measured, including excitation and ionization energies, energy in transverse
particle motion and energy in oscillatory motion, Estimates and independent
measurements aid in evaluating the relative importance of these quantities.

The first total calorimeter used this year is the 2 ft diameter by 10 in
deep one shown in Figure 16, This is water cooled so that steady-state power
measurements are made. It is mounted on a movable shaft and platform so
that the plasma power can be measured as a function of distance away from
the accelerator,

The inlet and outlet water temperatures are measured with electrically
insulated thermocouples immersed in the water lines at points a few inches
before entry into and after emergence from the calorimeter collector. Ice
baths are used for the reference junctions. A millivolt recorder (Leeds and
Northrup '""Speedomax' or Photovolt ""Microcord') is used to measure and
record the thermocouple e.m.f,, as shown in Figure 17. Note that, at a
water flow rate of 1500 cc/min, the calorimeter has a time constant of
approximately one minute.

21



Figure 16, 2ft Diameter x 10" Deep Total Calorimeter Mounted on Movable
Base in Vacuum Tank

~— NITROGEN, 4 MG/SEC.
— CU-CONST.
THERMOCOUPLE
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bt

Figure 17. Typical Total Calorimeter Outlet Temperature Record During
a Test; 1500 cc/min. Water Flow; 2' diameter x 10" deep
Calorimeter
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The large exposed frontal surface and the relative shallowness of the
24" diameter calorimeter were felt to be detrimental to efficient absorption
of the plasma stream power. The deeper, smaller diameter calorimeter
shown in Figure 18 was therefore constructed. Note that it consists basically
of a thin-walled copper cylinder with the back end closed off. The water cooling
line is wrapped along the entire cylinder length in order to minimize local hot
spots. The water line is brought through the vacuum wall at the insulated
coupling which attaches the calorimeter to the horizontal drive shaft, also
visible in Figure 18. The calorimeter is supported by the same movable plat-
form used previously for the 24" calorimeter, so that the calorimeter position
can be easily changed. Itis electrically insulated so that it may be operated
either electrically floating or grounded.

The water flow rate is continuously monitored by a calibrated flow
meter, and the temperature rise of this water is measured by thermocouples
in the water inlet and outlet lines. The inlet thermocouple is used as the
reference junction so that a thermocouple signal proportional to the tem-
perature difference is obtained. Water flow rates are in the range 1000-
1500 cc/min,, resulting in temperature rises of only a few degrees, thereby
reducing radiation losses to a negligible level, At these small temperature
differences, the conduction of heat away through the insulated support
coupling is also negligible compared with the rate at which heat is carried
away by the water.

A typical 10" calorimeter record is shown in Figure 32. Note that
the response speed is approximately the same as for the 24'' calorimeter
(Figure 17),

3.9 DIODE PROBES

An array of diode probes has been used to map the exhaust stream
flux density and power density distributions. The probe design is shown in
Figure 19. A 28-unit array of these probes is illustrated in Figure 20. The
probe circuit is shown in Figure 21. These probes are identical to those

[ ]

developed during an earlier contract (see Final Report NAS3-3567).

Power density is measured by measuring the temperature rise of the
collector cup during a test of known duration. Knowing the heat capacity of
the collector, the time, and the temperature change allows calculation of
the energy and the average power absorbed by the cup. The thermocouple
leads from each probe pass through the vacuum wall at the central hub of
the array. An ice-bath cold junction is employed, and a stepping switch is
then used to connect the probe e.m.f,'s sequentially to a recording milli-
voltmeter (Photovolt '"Microcord' Model 44). The temperature decay rate
of each probe collector is sufficiently small so that all 28 temperatures can
be recorded without any significant change in collector temperature taking
place during the recording time.
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Figure 18, 10" Diameter by 20" Long Steady State Calorimeter, Mounted
on Support Shaft
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Figure 19, Diode Probe
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Figure 20, Multichannel Sampling-Probe Array

Qe
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Frontal view, showing star pattern

Array mounted on support shaft

Close-up view, showing details of the velocity-analyser
probe (on center), the potential probes (with emitting

filaments at tips) and the diode (ion/power flux) probes,
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Ion flux density is measured by biasing the collector strongly negative
with respect to the enclosure and entrance grid so that all electrons are
removed from the stream, The recorded collector current (through the
copper thermocouple wire) then gives the ion arrival rate, and division by
the probe entrance area (1.26 cmz) yields ion flux density (ions/cmz-sec).
The gridded entrance causes approximately an 8% shadow but prevents the
retarding field from extending out into the space beyond the probe and
thereby increasing the effective ion collection area.

There are 16 microammeters so that ion currents to sixteen probes
can be measured simultaneously, Currents are recorded by taking a photo-
graph of the 16-meter panel, as shown in the photographs of Figure 22, It
can be noted from the data in Figure 22 that ion currents are taken for
several (in this case three) collector bias voltages, and the saturation currents
are interpreted from the resulting curves. Although only a few tenths of a
volt should be needed to reflect the plasma electrons, it is seen that on the
order of two hundred volts is needed to reach ion saturation current. This
is explained by realizing that, after the electrons have been reflected, the
probe acts as an ion diode and is space-charge limited, governed by the well-
known Child-Langmuir relation., The large collector voltage is required to
'"'pull across'' to the collector all the ions arriving at the grid.

3.10 POTENTIAL PROBES

Potential probes were used on the exhaust of three different accelerators,
Mark IV-S, Mark V-L, and Mark V-S, Since both the probes and their
mounting for the Mark IV-S and V-L accelerators were different than for the
Mark V-S accelerator, the two types of probe systems will be discussed
separately,

3.\1 0.1 Mark IV-S and Mark V-L Accelerators

The plasma potential probe as used here consisted of a heated emitting
filament. If the probe current response curve near plasma potential is deter-
mined both with and without the probe emitting, the plasma potential pre-
sumably can be determined by either the ""break' in the I-V curve or by the
potential at which the emitting and non-emitting I-V curves (of the same
pProbe) start to diverge. Here, I is probe current and V is probe bias voltage.

Since only relative probe currents are needed for the determination
of plasma potential, the probe shape is not critical. Thus ordinary miniature
light bulb filaments were used as a conveniently available source of emitting
tungsten probes.
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The plasma potential probes thus far used each consist of a GE #43
minjature lamp filament cemented to the end of a glass tube as shown in
Figure 23, On testing several such filaments within an anode and in vacuum,
they were found to give satisfactory life and 23-40 milliamps electron
emission current at 759% filament overvoltage (4.4 volts AC),

Two of the above potential probes were mounted on the "multi-channel
probe array'' frame as shown in Figure 20, Both probes were mounted
7 cm from the center of the array, with the filament of one of them (probe A)
being 2 cm ahead of the diode probes, and the filament of the other potential
probe (probe B) being 8.5 cm ahead of the diode probes,

3.10.2 Mark V-S Accelerator

For the Mark V-S accelerator measurements, three potential probes
of different types were mounted nearly on-axis on a special probe carriage
such that the three probes could be moved towards and away from the accelerator.
Simultaneously two potential probes (and the energy analyser probe) were
located somewhat off-axis and adjacent to each other on a stationary part of
the probe carriage. This probe carriage assembly is shown in Figure 24,

The above-mentioned five potential probes consist of three types: an
emitting heated filament probe, small diameter tungsten wire (cylindrical)
Langmuir probes, and larger diameter rod probes with only a small exposed
side surface. The emitting heated filament potential probe is the same as
used for the Mark IV-S and Mark V-L accelerators (see above and Figure 23),
except that quartz tubing was used in place of glass. Small-diameter cylindrical
Langmuir potential probes were constructed of quartz tubing drawn at one
end to a fineness which just passed a . 002 inch diameter gold-coated tungsten
''grid' type wire. This wire extended 6-11 mm beyond the quartz drawn end
into the plasma, this exposed distance being a function of where the probes
were to be mounted. Finally, .065 inch diameter non-magnetic stainless
steel rod potential probes were constructed by cementing (Sauereisen) the
rod in a quartz tube and coating the projecting exposed end of the rod with
boron nitride insulating '"paint.'' The sides of these coated sections were then
scraped clean to expose the metal over a 1 x 2 or 3 mm area so as to some-
what approximate a flat probe.

Using the special probe carriage mentioned above and shown in
Figure 24, the energy analyser probe (discussed later), one .002 inch
diameter Langmuir potential probe (11 mm long), and one thick ("'flat'")
potential probe were positioned 10.6 cm off axis and 77.8 cm axial distance
from the accelerator window; and the emitting filament potential probe, a
+ 002 inch diameter Langmuir probe (6 mm long), and a thick (''flat') potential
probe were positioned about 1.5 cm off axis and 12.5-42.5 cm from the
accelerator window. By '"window", is meant the plasma-window interface.
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Some potential probe currents were recorded as a function of
voltage on an X-Y recorder, while most potential probe currents were
recorded (logarithmicly) on a Visicorder while using a repeating 2 second
sawtooth bias voltage generated by special circuitry. Using this automatic
biasing circuitry, it was possible to obtain results from all potential probes
at all distances from the accelerator during each accelerator run. In all
cases, the probe voltages were referenced to the grounded vacuum tank
test chamber,

During these runs, the moveable heated filament and (perhaps) thick
("'flat'') potential probes broke some Sauereisen seals, probably due to
differences in thermal expansion of materials and the intense heat close to
the accelerator. However, this breaking of seals did not necessarily affect
the operation of these probes. The 0,002 inch diameter Langmuir probes
survived and operated well, although the gold coating evaporated off the wire
due to accelerator plasma heating. This loss of gold coat did not appear to
affect these probes,

3.11 ENERGY ANALYSER PROBE

A two-gridded energy analysing probe has been constructed for
determining ion velocities. As indicated in Figure 25 an inner ion collector
plate is positively charged (variable) so as to collect only those ions above
a certain energy, a grid adjacent to the above plate is negatively charged so
as to repel all electrons, and an outer grid is at ground potential so as to
limit the field from the negative grid.

Some earlier measurements15 with a simple grid-less sampling probe
indicated an exhaust ion current density of about 1.5 milliamps/cm2. To
successfully operate a multi-gridded ion velocity analysing probe with such
a plasma, the probe must be designed so as to avoid space charge limitations.

The Langmuir-Child equa.tion'?'5 can be used to determine the space
charge-limited (i. e., maximum permitted) ion current through the hegative
grid to the positive collector: Assuming a monoenergetic beam of argon ions
directed into the analysing probe, we find that the negative grid-positive
collector spacing must be decreased to 0.09 cm (about 1/32 inch) and the
collector-grid potential difference increased to 150 volts if the ion current
limit is to be increased to 2,0 milliamps/cmz.

Since it is difficult to reduce the grid-collector spacing to less than
1/32 inch without increasing the chances of forming grid ripples, touching,
and shorting out, the analyser probe has grid-grid and grid-collector
separations of 1/32 inch., Even maintaining the 1/32 inch spacings, the
space-charge limitation can be further eased, if necessary, by increasing
the negative grid potential., Also, the limited "transparency'' of the grids
will considerably reduce the actual ion current to the collector.
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The use of a simple flat collector plate results in the loss of some
ion current due to the failure of a small fraction of the ions to neutralize
before leaving the collector surface. This problem could be considerably
reduced if the collector plate were replaced with a variably positive ion
repelling grid followed by a negative (with respect to positive grid) ion
collector plate. With a negative plate-positive grid spacing of 0.09 cm
it can be calculated®® as above that a potential difference of 150 volts would
be required for a space charge current limitation of 2.0 milliamps/cm?,
LA negative collector cup of significant depth is thus not reasonable since
the space charge current limitation is universely proportional to the square
of the positive grid - negative collector surface spacingZB.] Since such
additional grids and potentials considerably increase the practical problems
of probe operation and data recording with relatively little increase in data
quality, the energy analysing probe has been constructed with a positive
plate and no positive grid as discussed in the previous paragraph and shown
in Figure 25,

The ion energy analyser probe thus far used consists of a nickel 200
line per inch (1. p.i.) grounded grid, a nickel 500 1. p.i. negative (electron
repelling) grid, and a positive ion selecting and collecting copper plate.

The 200 and 500 1. p.i. grids are stated by the manufacturer to be 70% and
58% transparent, respectively. As shown in Figure 25, 1/32 inch thick
Teflon washers separate the grids from each other and from the collector
plate. Of the limited grid materials available, nickel has been initially
employed because of its lower sputtering yield and higher melting point than
copper. Similar copper grids are available for use if desired, as are grids
with closer wire spacings.,

For the Mark IV-S and Mark V-L accelerator runs, the above energy
analyser probe was mounted at the center of the ""multichannel probe array"
frame as shown in Figure 20. This probe was mounted such that its grounded
grid was about 2.0 cm ahead of the diode probes and even with one of the
potentiai probes.

For the Mark V-S accelerator runs, the energy analyser probe has
been modified slightly from the above description, in that larger inside
diameter 1/32" thick Teflon washers were used than shown in Figure 25,
This change was to reduce the chance of internal shorts or leaks resulting
from sputtering by the accelerator exhaust. As indicated in the section on
potential probes, for these runs the energy analyser probe was positioned
10.6 cm off axis and 77.8 cm axial distance from the accelerator plasma-
window interface (see Figure 24). All Mark V-S energy analyser probe plate
currents were recorded vs plate voltage on an X-Y recorder.
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3.12 THRUST STAND

A thrust stand for the cyclotron-resonance accelerator has been designed
and built. An assembly drawing of this system is shown in Figure 26. Photo-
graphic views are shown in Figures 27-29. Its features are dominated by the
large rectangular pressure box, which houses the coil and accelerator. This
enclosure was necessitated by the inability of the coil to operate in vacuum. Note
that, whereas the drawing, Figure 26, shows strengthening ribs on the coil box
~covers, the photographs reveal that thicker, unribbed covers were in fact used.
Severe warppage during welding prevented satisfactory fabrication of the ribbed
covers. The stand itself, below the box, consists primarily of positioning tracks
for initial and final balancing of the stand. Four thin flexible legs (part #23)
support the stand and are sufficiently loaded so that slight horizontal thrusts will
cause appreciable bending of these legs. A linear motion transducer (Sanborn
""Linearsyn Type 595DT025, supported by part #33) provides an electrical signal
proportional to the displacement. This signal is then amplified (Sanborn Model
3114) and displayed on the Visicord recorder.

Electrical power, coolant water and propellant gas enter through the
overhead couplings. Drain lines are attached through the base.

The photograph in Figure 28 shows the installed stand before attaching
the cover plate. The water lines (coil and engine cooling), the electrical
power lines (d-c for the coil) and the gas input line are visible in this photo-
graph. Water drain lines leading out through the base were installed after
these photographs were made. In addition to the normal coil and engine
coolant drain lines, an open drain was also required because of coil leaking.
Figure 29 shows the same assembly after installing the cover, polarizer
and wave guide sections. The open (left) end of the waveguide attaches to one
end of a vertical, 12", flexible waveguide section whose other end is fastened
to the vacuum tank; the flexible waveguide section enables the stand to move
laterally while maintaining a tightly coupled and pressurizable waveguide.

Calibration of the stand is achieved by a 1-1/2" x 3-1/2" x . 010"
piece of brass sheet attached to the waveguide. The spring constant of the
brass piece has been measured (35 gram/in). A precision screw, passing
through the vacuum wall and coaxial with the engine provides an accurate
means of deflecting the brass piece and therefore of imposing a known,
small, axial force on the thrust stand. This calibration can be carried out
anytime, even while the engine is operating. Before completing assembly
of the calibrator, it was determined that the thrust stand sensitivity was
symmetric so that calibration is valid even though the calibrator force is
anti-parallel to the engine force.

Each af the four flexible thrust stand legs is made up of one piece
of . 030" non-magnetic stainless steel sheet. The remainder of the stand is
also constructed of non-magnetic material and magnetic pieces have as much
as possible been removed from the neighborhood of the stand in order to
minimize magnetic force effects.
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Figure 28. Thrust Stand with Cover Removed

Figure 29. Thrust Stand with Waveguide Attached
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Thrust stand operating procedures' are described and discussed in
Section 4. 4.

3,13 MAGNETIC PROBE

R -f probes have revealed that r-f absorption takes place before the
vacuum magnetic field has dropped to the resonance point (see Section 4. 4. 2).
Since the plasma is diamagnetic, due to the cyclotron orbiting electrons,
it is possible that the actual field strength in the plasma is in fact reduced
by this plasma diamagnetism to resonance. A direct measurement of the
magnetic field would therefore be helpful in verifying this hypothesis as well
as yielding a measure of the electron transverse energy. For this purpose,
the probe shown in Figure 30 was constructed., This probe is movable along
the system axis. The combination of copper and quartz covers over the Hall
sensor element permitted this probe to hold up for longer times immersed
in the plasma, as compared with an original model, which only had the quartz
cover. The copper cover in addition protects the sensor element from r-f
damage and makes the high temperature vacuum seal problem easier. This
probe was employed with the Mark V-S accelerator, using the following
steps:

1)  With probe removed, ignite plasma and adjust to desired power
level and field strength,

2) Move probe to a position on center close to the window (1 or 2 cm).
3) Turn chart recorder to full speed (8 in/sec).

4) Turn off r-f,

5) Turn off recorder; look for change in magnetic field at instant
r-f (and therefore plasma) is turned off,

By this procedure, a 3% change in magnetic field can be observed. The

result was that, over a wide range of field strengths, for r-f powers up to

2500 watts, in He, Ar, and Xe no change in magnetic field at the turn-off
instant could be detected.

The expected action can be estimated:
B=B -M
o

where Bo is the vacuum field, M is the magnetization.

M=nm (dipoles/m3 X magnetic moment/dipole)

1
n(iﬂoevr)

1
n(zh, e (25

where € is the energy per electron in transverse orbiting motion,
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B=B0- B
B 44 ne
le) (0]
or B= — 1+ 1 -
2 2
B
o
4 €
Mone ) o
Let a = > —26
B B

where € _ is the plasma energy density (ne¢) and € g is the
vacuum P field energy density (Bg /2 M )e

If o <<l
€
Then £ l-% _p.
o €B

18
Assume that the electron density is close to cutoff at 8350 mc, i,e,, ~ 10

electrons/m?3, Now, if the average electron energy is 1 kev (~ 10-16 joule/
electron), this gives a plasma energy density of about 102 joule/m3, The
field energy density at 3000 gauss, on the other hand, is approximately

104 joule/m3, so the energy ratio is about 10™2 or 1%. Thus, it would
appear that the lack of diamagnetic behavior in the experiment is not sur-
prising since a resolution of better than 3% would be needed. Further tests
should attempt to improve this lower detection limit, perhaps by some kind
of ""bucking' technique.

3.14 MASS FLOW MEASUREMENT ; PROPELLANT HANDLING

The same basic propellant handling system has been used for all the
accelerators tested this year. This consists of a cylindrical, brass gas
reservoir (6" diameter x 24" long; 1.11 x 104 cm3), with a capillary flow
limiter in the gas line between the reservoir and the accelerator. Gas flow
is controlled by the reservoir pressure. Mass flow rate was originally
determined by measuring the rate of pressure drop in the reservoir. More
recently, a calibrated flow meter (Brooks Instrument Co. » glass tube,
type 1A-15-1, stainless steel and aluminum floats) has been inserted in the
gas line so that a continuous indication of flow is available, The old and
new methods agree satisfactorily.
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3.15 DATA RECORDING; TEST OPERATIONS

A multichannel, strip chart record (Honeywell '"Visicorder'" Model
1508) is made of each test. This record always contains continuous plots
of the incident and reflected power, and may in addition c ontain additional
information depending on the particular objective of the test, Typical
examples are shown in Figures 31-33, where r-f probes, calorimeter
measurements and thrust stand results, respectively, were being obtained.
In Figure 32, the simultaneous engine and calorimeter temperature plots
are also shown; the variations of reflection, engine temperature and plasma
power with changes in magnetic field are quite evident.

' B PROBE#4

@ = REFL. PWR.

PROBE # | S

Figure 31, Typical Strip-Chart Recorder Record, Argon, 2 kw, .2 mg/sec,
4060 Gauss at r-f/Plasma Boundary, Mark V-L Accelerator
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4, EXPERIMENTAL RESULTS

4,1 MARKIV-L ACCELERATOR (AXIAL-INJECTION, LONG VERSION)

A photograph of the Mark IV -L exhaust stream is shown in Figure 34.
If the reasonable assumption is made that the luminous region indicates the
approximate limits of the accelerator stream, then this illustration indicates
that the plasma does not 'fountain'' back following the solenoidal field lines,
although it does appear to continue spreading to some extent after leaving the
engine, Quantitative measurements on the Mark IV-L accelerator are
presented in Figures 35-40,

We note from Figure 35 that the reflection coefficient is very low
(< 5%). This, of course, is a result of tuning, so that the plasma load is
matched to the source; if tuning were to be carried out at each test, the
reflection coefficient could in all instances be kept essentially zero., The
r-f probe curves do not lend themselves to easy interpretation; undoubtedly
the fact that the plasma probably has a cone shape, expanding away from the
injection point, with propagation in the annular region between the cone and
the waveguide wall, has much to do with the characteristics of these signals.
In addition, a reasonably complex probe signal pattern is to be expected since
these probes are indicative of the reasonably complex standing wave pattern
which must exist within the accelerator, These probe signals with plasma
are stronger than in the absence of plasma, probably due to both the annular
propagation and standing wave effects. An additional point of interest is that
one might have expected to have seen more clearly the enhancement of
propagation with increased magnetic field strength, as predicted theoretically
and as obtained in similar measurements on the Mark I accelerator during the
NAS3-3567 studies.

The wall calorimeter temperatures indicated in Figure 36 exhibit the
expected inverse relationship between the magnetic field strength and wall
loss. For these calorimeters, the rate of heat lost is such that they rapidly
reach an equilibrium temperature, and power received is a function of calori-
meter equilibrium temperature, as was explained in Section 3.7. Using the
1.3 watt/degree figure stated in Section 3.7 vyields wall power loss of only
100-500 watts at low fields, decreasing to less than half of this at the higher
field strengths. Inspection of the engine after several days testing (~104
seconds operating time) revealed, however, that the copper wall of the plasma
chamber had suffered considerable erosion, with eroded copper (~0.19 gm)
being redeposited on the face of the engine flange. Undoubtedly this erosion
took place most severely during those tests conducted at low fields.

Total calorimeter power efficiency measurements are shown in Figures
37-40. The following items are interpreted from these curves:
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Figure 34, Exhaust Stream
Emerging from Mark IV -L
Accelerator (on the left) and
Impinging on Calorimetric
Collector (on the right),
Argon, 2 kw, 5x 107~ torr
Background Pressure

PROBE NUMBER(SEE FIGURE 4)
100

Figure 35. Dependencies of
Reflected Power and R-F
Antenna Probe Signals on
Magnetic Field Strength,
Nitrogen; .4 mg/sec, 2 kw
R-F Power, Mark IV-L

Acceleration

N D O ® O
|
)
o
REFLECTED POWER-WATTS

NORMALIZED PROBE SIGNAL

2800 3200 3600 4000 4400
MAGNETIC FIELD STRENGTH (AT WINDOW )-GAUSS

200

150}
Figure 36. Dependencies of
Wall Calorimeter Temperatures
100 on Magnetic Field Strength.
Nitrogen, .4 mg/sec, 2 kw
R-F Power, Mark IV-L
SO Accelerator

CALORIMETER TEMPERATURE -°C

| | ] |
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1. There is an optimum mass flow rate for maximum efficiency
(Figures 37 and 38).

2. At high flow rates (> optimum) the efficiency holds up better at
higher power, due possibly to frozen flow effects (Figure 38).

3. There is an optimum field for maximum efficiency (Figures 39
and 40),

4. This optimum field is considerably above resonance at the
window, This was originally ascribed to plasma diamagnetism,
but the magnetic probe has shown that the diamagnetic effect
is very low (see Section 4,4). In addition, most of the r-f/
plasma interaction takes place some distance beyond the window,
The decrease in wall loss with increasing field (Figure 36) would
also aid in achieving higher efficiency at higher field,

5. The optimum field is approximately independent of power
(Figure 39) but appears to occur at a higher value with nitrogen
than with argon,

6. The best power efficiency for the Mark IV-L accelerator is
approximately 35%, with this ‘same peak achieved in both argon
and nitrogen. Since the wall calorimeters reveal that less than
ten percent of the power is going to the accelerator walls, there
must be other avenues through which considerable power is being
lost, Much power is undoubtedly going to the ceramic window.
Radiation could account for further loss,

More extensive testing of the Mark IV-L accelerator could have been
carried out, but the poor power efficiency and the severe wall erosion
suggested that time would be better spent investigating other geometries,

4.2 MARK IV-S ACCELERATOR (AXIAL-INJECTION, SHORT VERSION)

The Mark IV -S exhaust stream photograph (Figure 41) reveals that
shortening the accelerator has not grossly diminished the collimation of the
plasma jet, Power efficiency data are presented in Figures 42 -46,

This accelerator was more troubled by window failure than was the
Mark IV-L device, It seems likely that the central axial hole through this
window weakened it structurally, or there could have been slight dimensional
irregularities which, under thermal exXpansion, caused intolerable stresses,
No specific cause for these frequent failures was conclusively determined, As
a result, however, significant tests were carried out with two windows, #B4
(Figure 42) and #B5 (Figures 43-46), differing only slightly in the size of the
axial injection hole, The B4 window tests resulted in generally higher
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Figure 41. Exhaust Stream Emerging from Mark IV -S Accelerator,

Nitrogen, 2 kw, 1 x 1072 Torr Background Pressure
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Figure 42. Dependence of Power Efficiency on Magnetic Field Strength,

Krypton, 2 kw, Accelerator-to-Calorimeter Distance 43 cm,
#B4 Beryllium Oxide Half-Wavelength Window. Mark IV -S
Accelerator
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Figure 43,

Figure 44.
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efficiency, attaining on one test 42%, as shown in Figure 42, The series of
tests using the B5 window and varying the propellant species (Figures 43-46)
show that optimum efficiency is essentially independent of molecular weight
but that the optimum field strength increases with increasing molecular
weight, Since no startling increase in efficiency resulted from shortening
of the accelerator, and since in addition wall erosion continued to occur
(although the wall in this case was stainless steel), it was decided to turn to
the peripheral injection (Mark V) accelerators. Before making this change,
however, the sampling probe array was tested briefly with the Mark IV -5
accelerator in order that direct comparison with the total calorimeter could
be made,

Figure 47 illustrates a three-dimensional plot of the power density
distribution as obtained by the diode probes for one set of accelerator
operating conditions. An average power density profile taken from the
Figure 47 data is shown in Figure 48, and an average ion flux density profile
for these same conditions is included as Figure 49, Numerical integrations
of these curves are performed in Tables I and II, The power (245 watts) comes
out to be approximately equal to the power for these same conditions obtained
with the total calorimeter (Figure 43). The ion flux (616.5 ma = 3.8 x 1018
singly charged ions/sec) is a(}:)proximately two -tenths of the injected neutral
flux (.42 mg/sec = 1.8 x 101 nitrogen atoms/sec). The average particle
energy is about 400 ev,

The facts that these total power and particle flux values correlate so
well with the measured input flow and total stream power indicate that this type
of probe and probe array can yield useful data.®™ Not only is an independent
check on other measured parameters obtained, but also important new informa -
tion, such as power and particle flux profiles and particle energies, is gathered.
Charge exchange processes would cause a reduction in measured ion current
but not in measured power. This may account for the ion flux being significantly
less than the neutral input flux, This may also be a good method of measuring
charge exchange cross section by measuring the decrease in intercepted ion
current as a function of distance away from the accelerator.

The primary objection to using an array of this sort is the tediousness
of data reduction. More automatic methods may be possible.

o

Note that the data in Figures 48 and 49 were included in the Semiannual
Report (NASA CR-54213; May 17, 1965), The abcissa scale was incorrect,
however, causing invalid integrations and data interpretation, These errors
have been corrected for this report,
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Figure 47. Power Density Contour Mark IV-S Accelerator Nitrogen, .
.42 mg/sec 2 kw, 3840 Gauss Accelerator-to-Array Distance:
70 cm Ambient Pressure ~ 4 x 1072 Torr
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Figure 48, Power Density Profile; Mark IV-S Accelerator; Nitrogen,
.42 mg/sec 2 kw, 3320 Gauss Accelerator-to-Array Distance
70 cm Ambient Pressure ~ 4 x 10'5 Torr
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TABLE I,

Integration of Figure 48, Exhaust Stream Power, Mark IV-S Accelerator,
nitrogen, .42 mg/sec., 2 kw, 3320 gauss, accelerator-to-array distance 70 cm.

"a An-(n-l) ; P
cm cm2 wt/cm2 watts
2 13 .06 1
4 37 .07 3
6 63 .09 6
8 88 .11 10
10 113 .12 14
12 138 .14 19
14 163 .17 28
16 190 .18 34
18 215 .16 34
20 240 .12 29
22 260 .07 18
24 290 .03 9
26 320 .02 6
28 340 . 02 7
30 370 . 02 7
32 390 . 02 8
34 410 . 02 8
36 440 .01 4
38 460 .0 0
40 490 0 0

Total 245 watts
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TABLE II,

Integration of Figure 49. Exhaust Stream Ion Flux, Mark IV-S Accelerator,
nitrogen, .42 mg/sec., 2 kw, 3320 gauss, accelerator-to-array distance 70 cm.

"n An(n-l) ! I
cm cm2 K a/cm ma
2 13 160 2.1
4 37 175 6.5
6 63 190 12,0
8 88 200 17.6
10 113 215 24,3
12 138 230 31,8
14 163 240 39,2
16 190 255 48.5
18 215 260 55.8
20 240 245 61,3
22 260 210 54.6
24 290 175 50.7
26 320 150 48,1
28 340 125 42.5
30 370 105 38.9
32 390 80 31.2
34 410 60 24,6
36 440 40 17.6
38 460 20 9.2
40 490 0 0

Total 616.5 ma
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The potential probes were first used with the Mark IV-S accelerator.
Since for these measurements the data were read from meters, only two
sketchy sets of emitting and non-emitting curves were obtained during the
limited times available, The forms of these curves are similar to those
obtained from the Mark V-L accelerator (discussed later) and shown in
Figure 50,

Although the breaks in the I-V (i, e., probe current vs, potential)
curves were not as sharp as desired and did not necessarily agree with the
probe voltage at which the emitting and non-emitting curves started to
become mutually parallel, the plasma potentials appeared to be about
+15 volts at the probes, and the probe currents were as great as 0.5 ma at
+30 volts probe bias. Specifically, probe A indicated a local plasma potential
of perhaps +14 volts during one accelerator run, while probe B (6.5 cm closer
to accelerator than A) indicated a local plasma potential of perhaps +17 volts
during the next accelerator run. Both of these values could be as high as
420 volts,

In these first measurements with the energy analyser probe, the probe
data were obtained point-by-point from meters. Consequently, the few points
that could be read during a run gave plots which showed only the gross
features of the accelerator ion energy, The curves thus obtained followed the
same general pattern as shown in Figure 51, Figure 51 shows an energy
analyser probe I-V response curve which was obtained with an X-Y plotter in
conjunction with the Mark V-L accelerator discussed in a later section. The
ion energy distribution is determined from these I-V curves by taking their
derivative and plotting dI/dV vs, (V-V_) where I is probe current, V is volts,
and V_ is plasma potential. For this accelerator, the potential probe
indicated a plasma potential of perhaps 15 volts,

The energy analyzer probe results are indicated in Table III below.

TABLE III,

Energy Analyser Probe Measurements - Mark IV-S Accelerator.
nitrogen, 0.42 mg/sec,, 3840 gauss (at window)

Accel. Plasma Jet Ions
r-f power Avg, Energy Energy Spread
(kw) (ev) . (ev)
2 96 28
2 ~110 ~50
1 85 35
3 197 71
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Before obtaining the I-V curves which led to these results, it was determined
that for a Mark IV-S two-kilowatt accelerator run, at least - 70 volts was
required on the electron repelling grid to eliminate all electron current at the
positive plate. Consequently, repelling grid potentials of -100 volts or

- 150 volts (for 3 kw run) were used in all cases.

It can be concluded first that the energy analyser probe operated as
expected, Since no ion current exceeded 30 microamperes total (<0, 1 milli-
amp cm~2), no space charge limiting could have occurred., As discussed
elsewhere, the sgace charge limit for this probe was calculated to be about
2 milliamps cm~<,

As to the probe results, we see from Table III that the main body of
ions tend to reach the energy analyser probe with energy spreads of 30-70
electron volts and average e(V-Vp) energies of about 85-200 electron volts,
the average energy increasing as the r-f power level is increased from one
to three kilowatts., This trend is as expected. However, an interesting result
is that the lowest r-f power level runs of the accelerator appeared to yield the
highest ion currents.

4.3 MARK V-L ACCELERATOR (PERIPHERAL-INJECTION, LONG VERSION)

4,3,1 Total Calorimeter

The 24" diameter by 10" deep calorimeter (Figure 16) was used to
measure the Mark V-L accelerator power efficiency. Results are plotted in
Figures 52 and 53, The reader will note that no marked gain in efficiency has
resulted by going back to the peripheral injection technique. Perhaps because
this is a long accelerator, wall losses were again high., This unfortunately
could not be checked directly since the wall calorimeters in this model did not
give reliable results,

Further probe tests were carried out with this accelerator, as
described below, before going on to another accelerator.

4,3.2 Diode Probe Array

Since there is considerable effort involved in setting up and removing
the diode probe array, initial tests on the Mark V-L accelerator were made
using the array, it being already in position from the final Mark IV -S tests.
Power density and ion flux density curves for one operating point are shown
in Figures 54, 55 and 56, The power and ion flux integrations are performed
in Tables IV and V., The integrated probe array power is now found to be
greater than the total calorimeter power, (compare Figure 53 and Table IV),

59



6L © .32 MG/SEC, 3 x 1075 TORR MARK V-L ACCELERATOR
x .46 MG/SEC,5 x 10°5 TORR PROPELLANT : NITROGEN

_ @ ~7 MG SEC, 7 x I0"S TORR R-F POWER: 2KW
~ .5k 24" DIAMETER x |0" CALORIMETER
o~ 61 CM: ACCELERATOR EXIT TO
~ CALORIMETER ENTRANCE
g .4
[}
=4
a
.
>6 3k
-4
L
o
T
W
[0 4
w
3 i
Q.

1 1 1 A 1 i i i J

2900 3100 3300 3500 3700 3900 4I00 4300 4500 4700

MAGNETIC FIELD AT WINDOW — GAUSS
Figure 52, Dependence of Power Efficiency on Magnetic Field Strength

TF
5 MARK V-L ACCELERATOR
x .26MG/SEC, 5 x 10°S TORR R-F POWER: 2 KW
-5 -
@ .34MG/SEC, 7x10° TORR 24" DIAMETER x I0"CALORIMETER
61CM:ACCELERATOR EXIT TO
5t CALORIMETER ENTRANCE

POWER EFFICIENCY (Ppigsma/ Pr-f)
O
T

| 1 1 |

1 1 1
2900 3I00 3300 3500 3700 3900 4100 4300 4500 4700

|

MAGNETIC FIELD AT WINDOW - GAUSS
Figure 53. Dependence of Power Efficiency on Magnetic Field Strength

60




Figure 54,

\
M L

Power Density Contour Mark V-L Accelerator Argon, .28 mg/sec
2 kw, 3730 Gauss Accelerator-to-Array Distance 70 cm, Ambient
Pressure 2,5 x 10 "Torr :
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Figure 55, Power Density Profile Mark V-L Accelerator Argon, .28 mg/sec
2 kw, 3730 Gauss at Window Accelerator-to-Array Distance 70 cm
Ambient Pressure 2.5 x 10_5 Torr
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Figure 56. Ion Flux Density Profile Mark V-L Accelerator Argon, .28 mg/sec

2 kw, 3730 Gauss at Window Accelerator-to-Array Distance 70 cm
Ambient Pressure 2.5 x 10'5 Torr
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TABLE IV,

Integration of Figure 55. Exhaust Stream Power, Mark V-L Accelerator,
argon, ,28 mg/sec., 2 kw, 3730 gauss, accelerator-to-array distance 70 cm

n An-(n-l) P P
cm cm2 wt/crn2 wt
2 13 .20 3
4 37 .25 9

6 63 .29 18

8 88 .31 27
10 113 .32 36
12 138 .31 43
14 163 .29 47
16 190 .27 51
18 215 .24 52
20 240 .21 50
22 260 .16 42
24 290 .11 32
26 320 .11 35
28 340 .12 40
30 370 .14 52
32 390 . 14 55
34 410 12 49
36 440 .09 40
38 460 . 04 18
40 490 0 0

Total 699 watts
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TABLE V,

Integration of Figure 56. Exhaust Stream Ion Flux, Mark V-1 Accelerator,
argon, .28 mg/sec.,, 2 kw, 3730 gauss, accelerator-to-array distance 70 cm.

“n An-(n-l) : I
cm cm2 M a./cm2 ma
2 13 35 .5
4 37 40 1.5
6 63 40 2.5
8 88 35 3.1
10 113 35 4,0
12 138 35 4.8
14 163 35 5.7
16 190 30 5.7
18 215 35 7.5
20 240 35 8.8
22 260 35 9.1
24 290 40 11,6
26 320 40 12, 8
28 340 45 14,9
30 370 45 16,7
32 390 40 15,6
34 410 30 12,3
36 440 20 8.8
38 460 10 4,1
40 490 0 0
Total 150 ma
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The ion flux (150 ma = 9.4 x 1017 singly-charged-ions/sec) is again some-
what less than the injected neutral flux (. 28 mg/sec - 4.2 x 101 argon
molecules/sec), possibly due to charge exchange processes. The calculated
ion energy, 4650 ev, is rather high, further supporting the possibility of
significant charge exchange.

4, 3,3 Potential Probe Measurements

The potential probes were used on several runs of the Mark V-L
accelerator. Since for these runs the current and voltage data were recorded
on an X-Y plotter, the curves are better and much more numerous than was
the case with the Mark IV-S accelerator already discussed.

To determine the potential probe emission current (I) as a function of
potential difference (V) between probe and surroundings, the probe I-V curves
were measured when emitting in the accelerator testing tank, but with the
accelerator not operating. These curves are shown in Figure 57 for both
probes A and B, Since the emission current of both probes was -0, 03 milli-
amps at V = 0 volts, this value was used at the '"break' in the emitting probe
plasma I-V curves so as to aid in estimating the plasma potential at the probe
position, Of course, in a plasma the probe- ''collector' distance (sheath thick-
ness) is smaller than in the case of no plasma where the plasma sheath thick-
ness is replaced by the probe-to-tank wall and probe support distance,
Consequently, in a plasma the probe emission currents can be much greater
than shown in Figure 57.

A typical plasma potential curve during accelerator operation is shown
in Figure 50, In this series of measurements, saturated probe currents at
+50 volts bias varied from 0.4 to about 7 milliamps, As shown in Figure 50,
the emitting probe current normally did not coincide with the non-emitting
current at bias voltage > V_ (local plasma potential), nor were the two curves
always straight or parallel at bias voltage > V_. Since the plasma potential
was not always clearly indicated by the I-V curves, V_ was estimated (in order
of credibility) first from the "break’ in the emitting curve and second from the
divergence from parallel of the emitting and non-emitting curves. Any 'knee"
in the non-emitting I-V curve was usually too ill-defined to be useful. As
indicated earlier, probe A was 2 cm ahead of the diode probes and 68 cm from
the accelerator exit, while probe B was 8,5 cm ahead of the diode probes and
61,5 cm from the accelerator exit, Part way through the runs, probe A
developed a short to ground, after which only probe B data were obtained.

All but three of the 22 plasma potentials were between +16 and +25
volts from ground. In those few cases where both probes A and B were
operated during the same run, probe B showed a 5-7 volt higher Vp than
probe A,
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4.3.4 Energy Analyser Probe Measurements

For the Mark V-L accelerator measurements, the energy analyser
probe data were recorded with an X-Y plotter. This yielded probe response
I-V (current-voltage) curves such as shown in Figure 51, As mentioned else-
where, the ion energy distribution is determined from these I-V curves by
plotting dI/dV wvs. (V-V_), where I is (ion) current, V is probe plate voltage,
and V is local plasma potential. For this accelerator, the potential probe
usualli;r indicated plasma potentials of about 20 volts in the Vicinity of the
energy analyser probe.

The energy analyser probe results are indicated in Table VI.

TABLE VI,

Energy Analyser Probe Measurements - Mark V-L Accelerator,

Accel, Conditions Plasma Jet Ions
r-f Power | Gas | Gas Flow Avg. Energy | Energy Spread
(kw) (mg/sec) (ev) (ev)
1 N2 0.42 62 31
1.5 Ar 0.22 61 38
2 Ar 0.26 57 41

Only three analyser probe runs were made on the Mark V-L accelerator
because grid to plate leakage developed during the third analyser probe run,
and rapidly became too serious for further use of the probe. However, for
these three runs, we see that the main body of ions appears to reach the energy
analyser probe with an energy spread of 30-40 electron volts, and in ali cases
with an average e(V -Vp) energy of about 60 electron volts,

Another feature of these energy analyser probe I-V curves (see Figure
51) is the indication of another, smaller, body of particles centering at about
-8 electron volts [e(V-Vy) 1. In Figure 51 this group is indicated at a slightly
positive potential because Vp has not yet been subtracted from the potential,
This group of particles might be due to a relatively quiescent ion gas which
enters the probe with little or no directed energy. Such a quiescent ion gas

67




might be produced through collision of accelerator ions or electrons with any
vacuum chamber ambient gas. That these particles center at an e(V-Vp)
energy of -8 rather than zero electron volts, is not understood, unless the V
used is in error by that amount. This low energy group of particles may
also have been present in the Mark IV-S runs reported elsewhere, but their
presence would not have been discovered due to the very few data points read
in that voltage range (X-Y plotter not used there).

4,3.5 R-f Probes

Data obtained from the r-f probes in the Mark V-L plasma chamber
have been reduced and curves obtained from these data are plotted in Figures
58-61, These probes are antenna wires in the walls of the plasma chambers
separated from the plasma by quartz covers. Probe details are shown in
Figure 4. Probe locations on the Mark V-L accelerator are shown in Figure
7, probes #2, 3, 4 and 5 are, respectively, .2, .4, .6 and .8 inches beyond
the plasma side of the dielectric window,

It is evident that a rather complex pattern exists, apparently some-
thing like a decaying standing wave pattern. Because of this complexity, it
is difficult to make a quantitative measure of the attenuation parameter. The
expected deep propagation at large fields is discernible from these curves.

4,4 MARK V-S ACCELERATOR (PERIPHERAL-INJECTION, SHORT
VERSION)

A photograph of the exhaust stream emerging from the Mark V-S
accelerator is shown in Figure 62, The stream is apparently well collimated,

A thermocouple located on the outer surface of the accelerator adjacent
to the window monitors the plasma chamber wall temperature. A typical
record of this temperature during a test is shown in Figure 32, It is seen
that the accelerator approaches an equilibrium temperature which is a func-
tion of plasma conditions, with high magnetic fields resulting in lower
accelerator temperatures (and higher calorimeter temperatures), confirming
a result previously obtained with the wall calorimeters in the Mark IV-L
accelerator,

The engine is cooled by flowing water through a ring-shaped duct
adjacent to the window flange (see Figures 7 and 8). The flow rate is approxi-
mately 15 cc/sec., corresponding to 63 watt/°C. The fact that after a test the
accelerator cools much more rapidly with the water flowing than with the water
turned off indicates that this water flow is the major means by which heat is
taken away from the accelerator,
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Figure 62,

Exhaust Stream, Mark V-S Accelerator, Xenon 1500 watts r. f.
Power; Exhaust Stream is Emerging from the Accelerator on the

Left and is Flowing into the Open End of the 10" Diameter
Calorimeter on the Right
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The ability of the dielectric waveguide windows to remain in tact is
apparently quite sensitive to accelerator temperature, since most beryllium
oxide window failures can be traced to situations in wh1ch the accelerator
temperature was allowed to reach high levels, e.g., 200°C, During recent
tests, 125 °c (5.5 mv) has been adopted as the maximum allowable temperature.

=\ P . B~

Aluminum oxide (half-wave thickness) and sapphire (, 010 thickness) windows
both failed rapidly at low power (< 1000 watts).

Original tests with this accelerator revealed extreme difficulty in
initiating the plasma, even at high power (up to 3 kw) and high pressure (up to
2 x 1077 argon), probably due to the shortness of the plasma chamber,
Insertion of a ,020'" diameter tungsten wire ring into the plasma chamber com-~
pletely cured this problem, allowing dependable starting in all gases used over
a wide range of pressure, field and power settings., The high electric field
strength concentrations at the exposed ends of this igniter wire probably are
accountable for this result, Since the r-f heats this wire to a visibly high tem-
perature, thermionic emission may also be active in initiating the plasma,
This white-hot wire ring can be seen in Figure 62.

The third recorder chart shown in Figure 32 is an example of the data
recorded during each run on the multichannel light-beam-galvanometer
recorder. In this case only the incident and reflected r-f powers and the
magnetic field strength are measured. The importance of this data is to
ensure the constancy of r-f power and magnetic field during a given test,

Note that, except at the lowest magnetic field setting, the reflected
r-f power is essentially zero. This is a consequence of the tuner in the wave-
guide transmission line which carries the power from the r-f generator to the
accelerator. For each new plasma condition (gas density, power level,
magnetic field strength) this tuner is used to optimize the generator/plasma
match and thereby minimize the reflection; in the reflected power trace in
Figure 32, the periods in which the tuner was used to minimize reflection
are evident., The importance of optimizing the match is also seen in the
increased power received by the calorimeter when reflection is reduced to a
minimum,

A further optimization has been made for the Mark V-S accelerator
by adjusting the polarizer angle for maximum calorimeter heating. This
empirically optimum angle is at the 45 point at which the right-hand circular
polarization component should theoretically be maximum,

4.4.1 Power Efficiency Results

Initial Mark V-5 tests were made using the 24'' diameter x 10" deep
calorimeter., The results, shown in Figure 63, indicated that very little had
been gained by shortening the accelerator (compare Figures 63, 53 and 52),
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Before concluding that the efficiency of this type of accelerator was inherently low,
a 10" diameter by 20" deep calorimeter (Figure 18) was employed to check

the 24" diameter calorimeter. Figures 64-68 show the results of the 10"
calorimeter tests with the Mark V-S accelerator. Up to 3700 gauss, efficiency
is approximately the same. Beyond, the significantly higher efficiencies are
obvious. Note that the calorimeter power goes up with increasing magnetic
field strength and with increasing molecular weight. The functional relation-
ships with r-f power level and gas flow rate are not clear, although indications
are that the efficiency increases with increasing power and that an optimum
flow rate exists for any given combination of gas species, r-f power level

and magnetic field. These results are in agreement with Mark IV behavior.

A calorimeter efficiency maximum of . 65 was achieved in these tests,
using heavy propellant, high flow, high magnetic field and high power. Since
the accelerator cooling water temperature was noted to rise about 5°C during
its flow through the accelerator (at 1500-2000 watts), this accounts for approxi-
mately 15-20% of the input power. The remaining 15-20% must be lost in
conduction away from the accelerator and in radiation from the plasma stream.

The actual edge of the exhaust jet is apparently not as sharp as is
suggested by the photograph in Figure 62. This is evidenced by the data in
Figure 69, showing a gradual falling off of calorimeter power as the calori-
meter to accelerator distance is increased. The half power point on the curves
in Figure 69 corresponds to a total jet angle of 25-27°.

The increase in calorimeter power with increasing magnetic field,
especially at levels where the vacuum field is well above cyclotron resonance
throughout the plasma chamber, may be related to plasma diamagnetism, as
has frequently been suggested in the past. It may, however, also be caused by
the enhanced r-f propagation which is present at high magnetic fields. It is
possible that the r-f is propagating through the plasma and being absorbed
within the calorimeter, therefore giving a falsely high measure of plasma
stream power. This, it turns out, is not the case, as shown below.

4.4,2 R-f Probes

There are two specific reasons for measuring the spatial variation of
the r-f field. In order to evaluate the fundamental processes in the accelerator,
it is necessary to know the absorption and propagation characteristics of the
electromagnetic field, as spelled out in the Contract work statement. It is
further necessary to know the r-f field level within and in front of the calori-
meter in order to determine to what extent the calorimeter heating is due to
power absorbed from the r-f wave directly within the calorimeter.

Earlier attempts to map the r-f wave profile employed antennas fixed

in the accelerator walls. Although a decaying pattern could in some cases
be deciphered, in general the pattern was very complex; for example, see
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CALORIMETER EFFICIENCY (Pcql/Pr-t)
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Figure 64. Dependence of Power Efficiency on Magnetic Field Strength

CALORIMETER EFFICIENCY (Pgql/Pr-1)
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Figures 58-61, This was predicted to be due to the electric field pattern
being of a standing wave form. The current effort has been concerned with
r-f antenna probes which can be moved and which can continuously map the
r-f field both within and beyond the accelerator. A sketch of the movable
probe is shown in Figure 15,

Before the Figure 15 probe was built, a fixed probe within the calori-
meter and a larger movable antenna probe (of the same general design as
Figure 15) were used. These showed that, under efficient Mark V-S operating
conditions (i,e,, with the calorimeter repeating the high power efficiency
reported in Figure 68,the r-f electric field within and in front of the calorimeter
was found to be less than one-one hundredth of the equivalent no plasma field
strength, Thus, it is conclusively shown that an insignificant minority of the
calorimeter power is entering the calorimeter as a propagating r-f wave and
that the overwhelming majority of the calorimeter power is indeed plasma
stream power.

In order to map the r-f electric field directly within the accelerator,
the smaller, higher-temperature Figure 15 probe was employed, A set of
curves taken with this probe is shown in Figures 70-74. Figure 70 shows the
r-f electric field at 625 watts with no plasma present. The expected peaks
and nulls in the radiating wave are clearly indicated, The remaining curves
apply for the same r-f power, with argon flowing at .26 mg/sec, for various
coil currents, Note that as the coil current increases, the depth of penetration
increases, The equivalent vacuum magnetic field at which the final decay takes
place also increases with increasing magnetic field strength,

Section 5 contains an analysis of the propagation of an r-f wave
through a waveguide filled with magnetized plasma, The Mark V-S magnetic
field shape is used, and an exponential electron density is assumed. The r-f
electric fields thus calculated show a good correlation with the Figure 70-74
measured values, as further discussed in Section 5.

In Figures 71-74, we note that the r-f power is largely absorbed in a
magnetic field range 10-15% higher than resonance (2970 gauss). The magnetic
probe (Figure 30) indicated that the plasma diamagnetism was very small, as
discussed in Section 3.13. The electric field patterns calculated in the wave -
guide analysis {Chapter 5) also exhibit this fall-off before the magnetic field
has reached resonance, although the computed effect is not as pronounced as
is the experimental result,
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4,4,3 Potential Probes

Potential probe measurements were made of the Mark V-S accelerator
exhaust, the (grounded)accelerator being operated with argon and xenon gas, gas
flow rates of ~ 0,5 and ~ 1,0 mg/second, magnetic field coil currents of 210
and 250 amperes (see Figure 12), and rf power levels of 1 and 2 kilowatts,
Table VII shows the Mark V-S operating conditions for these measurements
as a function of "run numbers' which will be used in subsequent discussions
of the results,

It appears that the . 002 inch diameter cylindrical tungsten (Langmuir)
probes performed the best of the three types of potential probes employed
(see Section 3. 10 for descriptions). In addition, these cylindrical probes
permitted the determination of approximate values for electron temperature
and electron density as discussed below, As with the Mark IV-S and V-L
emitting potential probe measurements discussed earlier, the emitting
potential probes did not very clearly indicate a plasma potential. The . 065
inch diameter thick (''flat'') potential probes also yielded difficult-to-interpret
response curves, due in part, to the plasma sheath being too large for these
probes to be considered flat. Both the emitting and the 'flat'" potential probes
also acquired unreasonably large ion currents when close to the accelerator,
perhaps due to electron emission from the heated boron nitride -insulated
surfaces,

All potential probe runs were recorded logarithmicly on a Visicorder
using a special sawtooth bias voltage power supply, except for run 3b (see
Table VII) for which all potential probe curves were recorded linearly vs bias
voltage on an X-Y recorder. Figure 75 shows a typical X-Y recorder plot of
a cylindrical Langmuir probe response curve. As stated in Section 3,10, probe
voltages were always measured with respect to the grounded test chamber
(Figures 1 and 2),

Since the plasma potential is not directly apparent from the cylindrical
Langmuir probe response curve (see Figure 75), this information must be
obtained through application of the appropriate probe theory to the probe
response curve. To obtain the plasma potential (V_) it is first necessary to
determine the electron temperature (T ). For flatPand convex probes in the
electron-retarding region of the current response curve,

-1
ase
T . & »Io _ 5040 ox (4. 1)
e k dv B (dlog T_7dV) ’ )

where

I =1-1, (4.2)
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Table VII, Mark V-S Operating Conditions for Potential Probe and
Energy Analyser Probe Measurements ,

Mag. Field

Accel, RF Power | Gas Flow Coil Current
Run No, Gas (kw) (mg/sec) (amp)
1 Argon 1.0 0.4 210
2 Argon 1,0 0.4 250
3a & 3b | Argon 1.0 0.9 210
4 Argon 1.0 0.9 250
5 Argon 2.0 0.4 210
6 Argon 2.0 0.4 250
7 Argon 2,0 0.9 210
8 Argon 2.0 0.9 250
9 Xenon 1.0 ~0.5 210
10 Xenon 1,0 ~0,5 250
11 Xenon 1.0 1.2 210
12 Xenon 1.0 1.3 250
13 Xenon 2,0 ~0.5 210
14 Xenon 2.0 ~0.5 250
15 Xenon 2,0 ~1.,1 210
16 Xenon 2,0 ~1.1 250

* All these runs were made on 7/22/65 and 7/23/65.
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and where e is the electronic charge, k is the Boltzman constant, Ie is the
probe electron current, V is the probe voltage as measured, Ii is the probe
ion current, and I is the total probe current.

Now (Reference 25)

I =1 f = A J f (4. 3)
es er p er
where
1
I, = A N_ e [kT_/@27m ) /2 (4.4)
er p e e e
= 2.49x10-14A N T 1/2 amps, (4. 5)
p e e

Here, I is probe electron saturation current, I is the probe random
electror?%urrent, A is the probe area (cm”), J:r is the random electron
current density, N Pis the electron density(cm’3), m _is the electron mass,
T is in OK, and s a complex function (2 1) which has been graphed by
Lgngmuir (Reference 25) as a function of 7 and the plasma sheath-to-probe
radius ratio (rs/rp). Here,

n = -elV - Vp)/(kTe) = 11605 (V - Vp)/Te (4.6)

where (V -V ) is the probe potential with respect to plasma potential, Finally,
a combination of Langmuir's cylindrical probe orbital-limited and space charge-
limited theories (Reference 25) yields

2 L(v-v)3/?
(-8)° [_;-__(ips) _1] - cz;—(ff )1 : LrV' :fp (4.7)

e o) e

where L is probe length, r_ is probe radius, and (-B8) is a complex function
of (rS/rp) which is tabulated by Langmuir (Reference 25).

To obtain the desired T , Vp ,» and N information from the cylindrical
Langmuir probe response curvees, the follow?ng steps were taken: 1) Equations
(4.1) and (4.2) were used to obtain T from the slope of a semi-log plot of the
electron-retarding region of the prob% response curve (about -15 to +5 volts in
Figure 75)., For the X-Y recorded curves a constant value for I, was found
(trial and error) which gave a straight semi-log plot. For the lolgarithmicly
recorded (Visicorder) runs the slope was obtained in regions where I >> 1,
although here the desired slope was not always obvious, with a resultleng
uncertainty in the derived T . 2) AnI  and corresponding V were picked off
the probe response curve, and the righetsside of equation (4. 7) evaluated after
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guessing at V_. 3) The left side of equation (4. 7) was then solved for
(rg/ry) and thus f through the use of equation (4. 6) and Langmuir's
tabulations and plots (Reference 25) for (-B)2 and f. 4) Equation (4. 3) was
then solved for Ier using f and I, . From the probe response curve, the V
was located at which I =1, (this is justified because Io,. >1;,). This new
V gave a newer and better approximatc value for ‘v'p, 5) Steps 2 through 4
were repeated until the value for V_ no longer changed. This iteratative
process converged very rapidly, giving Vp' 6) Finally, equation (4. 5) plus
the last iterated value for Ier was used to obtain Ng.

The above method for reducing the potential probe data was rather
tedious, though speeded up enormously through the use of graphed combined
functions. Ideally, there are simpler and faster ways to determine Vp from
cylindrical Langmuir probe curves, but they require replotting and judicious
use of an appropriate part of the probe response curves. For the large number
of (Visicorder semi-log) curves reduced, the method used was not only faster
but also avoided the often self-conflicting results obtained by other methods.

One problem in evaluating the Langmuir probe data was the complicating
effect of the accelerator magnetic field. This problem was avoided by always
reducing the probe data at V sufficiently low to result in rg < electron cyclotron
radius. Within this limit, the probe response curves followed the theory out-
lined by equations (4.1) to @. 7).

The potential probe results as determined by the above methods, are
tabulated in Tables VIII, IX, and X for Te’ V_, and Ne’ respectively. To permit
more general intercomparisons, these results are plotted in Figure 76 for T ,
Figures 77-80 for Vp and accelerator magnetic field strength, and Figure 81 for
Ne. Curve numbers and table run numbers refer to the operating conditions
listed in Table VII. From these tables and figures we see that through the axial
distance range of 12.5 - 77.8 cm from the plasma-window interface, plasma
potentials of 0 - + 55 volts, electron temperatures of ~ 25,000 - > 150, 000°K,
and electron densities of ~ 0.1 = 6 x 1010/cc were obtained.

On intercomparing the Langmuir potential probe results, a number of
trends can be seen with varying degrees of certainty: at distances from the
accelerator plasma-window interface (D) of < 43 cm, To, V,, and Ne all increase
as D decreases. Furthermore, Figures 77-80 indicate that for 12 <D < 78 cm
in argon and for 12 < D < 23 cm in xenon, V_ is very approximately proportional
to the magnetic field strength. This conclusion is least correct in the case of
runs 5-8 (argon gas and 2 kw rf power). These V_ vs magnetic field comparisons
can be made more quantitative by noting that between the D limits given above,
the Figures 77-80 V_ slopes (log-log) are about -=1. 7 for runs 1-4 (Figure 77),
-1.0 for runs 5-8 (Figure 78), -2.4 for runs 9-12 (Figure 79), and -1.9 for runs

13-16 (Figure 80); while for D >13 cm the magnetic field strength slope is -2.08
as plotted.

Additional qualitative trends to be noted from Tables VIII - X and
Figures 76-81 are given below:
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Table VIII, Mark V-S Electron Temperature as a Function of Accelerator
Operating Conditions (see Table VII) and Distance from Plasma -Window Interface.
Electron Temperatures are Calculated from Cylindrical Langmuir Probe
Response Curves,

Electron Temperature (x 104 oK)

Run Distance from Window (cm)

No. 77.8 42,5 32,5 22.5 17.5 12.5 77.8
1 - - - — - - -
2 2,8 2,6 3. 5.5 5.6 14, 3.8
3a 4,6 3.0 4,8 6.0 8.4 8.7 4,2
3b 3.72 4,37 - 4,46 - 7.65 -
4 4,4 8.0 6.1 9.4 9.6 10, 3.2
5 4,8 7.4 9.2 15, >15, >15, 5.0
6 6.7 7.3 11, 2,6 3.6 - -
7 5.0 5.8 5.7 8.8 9.2 9.5 4.5
8 5.0 6.3 7.2 9.2 9.5 10, 4,2
9 3.2 3.8 4.0 6.3 10, 14, 4.0

10 3.6 4,0 4,4 4,9 10, - 4.4

11 3.6 3.6 3.8 4,6 8.0 10, 3.2

12 3.4 3.7 3.5 4,2 7.0 9.4 3.6

13 4.1 4,0 5.4 7.6 9.6 12, 3.6

14 3.3 3.7 3.8 4,2 5.4 11, 3.2

15 3.8 4,0 4,2 5.2 9.2 10, 3.4

16 4,5 4,6 4,7 5.9 8.7 10, 4.4
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Table IX, Mark V-S Plasma Potential as a Function of Accelerator Operating
Conditions (see Table VII) and Distance from Plasma-Window Interface.
Plasma Potentials are Calculated from Cylindrical Langmuir Probe Response

Curves,

Plasma Potential (volts)

Run Distance from Window {(cm)

No. 77.8 42,5 32,5 22.5 17,5 12.5 177.8
1 1.5 4.5 -- 15,5 26, 37 -0.5
2 2,0 6.5 11.5 23 28,5 48 3.5
3a 1.8 2.5 7.2 13 21,5 26 0
3b 2.9 6.7 -- 9.3 -- 25,0 --
4 3.5 6 8.5 14,5 22.5 29.5 1.1
5 6.5 14 19 28 37 55 7.0
6 10.5 17 28 26 34,5 -- --
7 7.3 9.5 12 18,5 27 30.5 5.0
8 7.5 10,5 13,5 18,5 27 27.6 6.0
9 3.5 4,8 4.8 8.5 25 39 4.5

10 4,5 5 5 7.5 15 ~50 6.2

11 6.0 3.7 5 6.5 22 29,5 2.5

12 5.0 4 5 5.5 10.5 17 3.5

13 5.0 4,5 6 11.5 20.5 36 4.0

14 4,6 7 6 6.5 12 25 3.5

15 7.5 5.5 5 8 18 27.5 8.5

16 10,5 7.2 7.5 9 16.5 26 8.0
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Table X, Mark V-S Electron Density as a Function of Accelerator Operating
Conditions (see Table VII) and Distance from Plasma-Window Interface,
Electron Densities are Calculated from Cylindrical Langmuir Probe Response
Curves,

Electron Density (x 109/cc) o
Run Distance from Window (cm)

No. 77.8 42,5 32.5 22.5 17.5 12,5 77.8
1 2.9 4.6 -- 9.6 16. 18, 2.0
2 2.1 2,3 1.9 2.4 2,0 3.0 1.2
3a 9.3 11, 18, 22, 38, 56. 7.6
3b 7.54 7,07 -- 10.9 -- 44,8 --
4 8.0 7.6 12, 16, 30. 40, 7.0
5 4.3 4.5 6.2 7.8 ~15, ~17, 2.8
6 2.8 3.5 4.5 3.9 3.8 -- --
7 9.9 7.5 10, 16. 35, 46. 8.2
8 11, 9.6 11, 15, 32, 43, 8.5
9 10, 6.1 6.4 9.0 19, 26, 6.6
10 11, 1.6 5.4 4,6 5.2 -- 4.5
11 14, 8.6 8.2 8.4 22, 26, 8.4

12 13, 11, 9.7 9.8 13. 18. 12,
13 14, 9.1 7.4 11, 16. 25, 8.2
14 8.6 5.6 6.8 6.7 7.6 9.1 7.3

15 16, 10, 9.2 11, 16. 58. 20,

i6 30. 15, 16, 14, 15. 23. 16,
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Figure 76, Mark V-S Electron Temperature as a Function of Accelerator
Operating Conditions and Distance from the Plasma-Window
Interface. Curve Numbers Refer to the Operating Conditions
Listed in Table VII,
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Figure 77. Mark V-S Plasma Potential as a Function of Accelerator Operating
Conditions and Distance from the Plasma-Window Interface. Curve
Numbers Refer to the Operating Conditions Listed in Table VII. A
Plot of Magnetic Field Strength is Included for Comparison.
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Figure 78, Mark V-S Plasma Potential as a Function of Accelerator Operating

Conditions and Distance from the Plasma-Window Interface, Curve
Numbers Refer to the Operating Conditions Listed in Table VII, A
Plot of Magnetic Field Strength is Included for Comparison.
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Figure 79. Mark V-S Plasma Potential as a Function of Accelerator Operating
Conditions and Distance from the Plasma-Window Interface. Curve
Numbers Refer to the Operating Conditions Listed in Table VII. A
Plot of Magnetic Field Strength is Included for Comparison.
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Figure 80, Mark V-5 Plasma Potential as a Function of Accelerator Operating
Conditions and Distance from the Plasma-Window Interface., Curve
Numbers Refer to the Operating Conditions Listed in Table VII. A
Plot of Magnetic Field Strength is Included for Comparison.
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Figure 81. Mark V-S Electron Density as a Function of Accelerator Operating
Conditions and Distance from the Plasma-Window Interface. Curve
Numbers Refer to the Operating Conditions of Table VII.
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1) On changing from argon to xenon gas, T, tends to decrease at
D = 22 cm and to remain unchanged at D < 22 cm, V_ shows variable (random?)
changes, and N, usually increases when at a gas flow rate of ~ 0.5 mg/sec

and showed variable changes at ~1 mg/sec flow rate,

2) On increasing the gas flow rate from ~ 0.5 to ~1 mg/sec, T,
shows variable changes, Vp usually decreases (especially so for argon) at
D = 33 cm, and N, increases (again, especially so for argon).

3) On increasing the magnetic field by increasing the magnetic field
coil current from 210 to 250 amperes, Te shows little to no change, V
increases for argon and shows variable changes for xenon, and N, usually
decreases.

4) On increasing the rf power from 1 to 2 kilowatts, T usually shows

a slight increase, V_ increases for argon and shows variable changes for xenon,
and N has a slight tendency to increase.

These trends plus some others discussed later are summarized in
Table XI,

4.4,4 Energy Analyser Probe

Energy analyzer probe measurements were made of the Mark V-S
accelerator exhaust, with the (grounded) accelerator being operated at the
same conditions as for the potential probe measurements, In fact, the energy
analyser probe and potential probe measurements were made simultaneously
for all runs except run 3b, where the two types of probes were operated at
different times, Thus, the run numbers of Table VII apply to both the energy
analyser and the potential probe measurements.

Throughout all these Mark V-S runs the energy analyser probe
appeared to operate satisfactorily, and survived with no shorting, leakage, or
grid burn-out.

Similar to the Mark IV-S and V-L accelerator runs described earlier
(see Figure 51), the Mark V-S energy analyser probe response curves (of plate
current (I) vs plate voltage (V)) typically showed three inflection points, This
is illustrated by the lower curve of Figure 82, Since the actual particle dis-
tribution as a function of probe plate voltage (i.e., particle energy in electron
volts) is given by the derivative of the analyser probe response curve, a
semi-quantitative plot of the resulting relative ion distribution curve is shown
by the upper curve of Figure 82,

Rather than try to differentiate and re -plot every energy analyser
probe curve, certain features of the probe direct response curve have been
evaluated and listed in Table XII, These features are identified in Figure 82
by the voltages V,, VZ' V3, and V4 for the turning points; by the voltages
Va’ Vb and Vc for the inflection points; and by the derivatives (dI/dV)a,
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Figure 82.

PLATE CURRENT (MICROAMPS)
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PLATE VOLTAGE (GROUND=0)

Typical Energy Analyser Probe (see Figure 25) Signal from
Mark V-S Accelerator. The Lower Curve Shows the Analyser
Probe Signal from Run 3b (see Table VII), The Upper Curve
Represents the Resulting Ion Distribution as Obtained from a
Semi-Quantitative Differentiation of the Lower Curve. The
Items Listed in Table XII are Also Defined Here, with Vp Being
Plasma Potential,
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(dI/dV)b, and (dI/dV)c. Figure 82 also illustrates how these quantities refer
to the relative ion distribution curve. As noted in the Table XII heading, all
energy analyser probe potentials have been reduced by the average plasma
potentials (Vp) as determined by the adjacent cylindrical Langmuir probes (see
Table IX), Electron-repelling negative grid (Figure 25) potentials varied from
-150 to -400 volts, depending on the run.

4,4,.4,1 Jet Ion Exhaust

V_ of Figure 82 defines the high velocity directed (''jet') ion exhaust.
The peak of the jet ion distribution curve is at an energy of e(Vc - Vp) electron
volts, and the jet ion energy spread is defined as

Ale Vc) = e(V4 - V3)

If the ions are assumed to be singly ionized, the ion velocity and velocity
spread can be calculated from

1/2
v, © [Ze(Vx - Vp)/mi] (4. 8)

where m; is ion mass and sub -x refers to sub -1, -2, -3, -4, -a, -b, or
-¢c, Thus, in Table XIII are listed the ion energy and ion velocity (Vc) at the
peak of the jet distribution curve, and the energy spread and velocity spread
of the ion jet. The ion jet velocity spread is defined as

For reference, Table XIII also lists the plasma potentials (Vp) used.

From a comparison of Tables VII and XIII, we can see that both the
ion energy and ion velocity of the ion jet distribution curve peak [i.e.,
e(V, - Vp) and v, ] show variable (random) effects on changing the Mark V-S
accelerator gas from argon to xenon and also when increasing the rf power
from 1 kw to 2 kw, However, e(Ve - V) and v usually decrease on increasing
the field coil current from 210 to 250 amps, and strongly decrease on increasing
the gas flow rate from ~0,5 to ~ 1,0 mg/sec. A similar comparison shows the
ion jet energy spread and velocity spread to usually increase on changing from
argon to xenon, to usually decrease on increasing the gas flow rate from ~ 0,5
to ~1,0 mg/sec, to show only slight variable changes on increasing the field
coil current from 210 to 250 amps, and to perhaps show a tendency to increase
on increasing rf power from 1 kw to 2 kw, These trends are summarized in
Table XI,
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Table XIII, Summary of Mark V-S plasma characteristics as calculated from
energy analyser probe (Table XII) and potential probe (Table IX) results.
Plasma potential (V) is the time -averaged potential probe value at the energy
analyser probe, e(Vp V_) and V. are the ion energy and ion velocity, respec-
tively at the peak of the ion jet dlstr1but1on curve, Afe V) and A Ve are ion
energy spread and velocity spread, respectively of the ion jet (see F1gure 82),
V,w 18 the calculated plasma potential at the window, and D; is the distance
from the window at which most of the ionization is calculated to occur, See
Table VII for accelerator operating conditions,

77,8 cm from Window
Run (Volts) (ev) (x 105 cm/sec) (Volts) | (cm)
No, Vp e(VC -Vp) A (e VC) v, A \A pr D,
1 0 77.5 51 19.3 6.2 149 6.1
2 3 53 46.5 16,0 6.8 194 11,2
3a 1 37 23 13,4 4.0 105 9.1
3b 2.9 33.5 20 12,7 3.7 101 9.1
4 2 43 31.5 14,4 5.3 119 8.7
5 1 89 56 20,7 6.4 222 7.5
6 10 50 56 15.5 8.2 ~202 |~10,9
7 6 42 27.5 14,2 4.6 123 8.5
8 7 42 28,5 14,2 4,8 111 7.4
9 4 ~69 ~45 ~10,1 ~3.,2 157 ~7.0
i0 5 ~55 ~54 ~9.0 ~4.4 ~202 |~10,9
11 4 ~58 39 ~9.2 3.0 119 ~6,0
12 4 ~35 36 ~7.2 3.5 68 ~5,4
13 4 73 52.5 10.4 3.7 145 5.9
14 4 81 ~35 10.9 ~2,3 101 2,0
15 8 ~42 ~4] ~7.9 ~3,7 111 ~7.2
16 9 31 ~37 6.7 | ~3.7 105 8.7
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4,4,4.2 Quiescent Ion Gas

All of these energy analyser probe response curves showed a sharp
drop in plate current near zero volts at V, in addition to the anticipated
plate current drop at V_ due to the plasma jet ions (see Figure 82). Since
V., is closec to plasma potential (see Table XII) and also since the plate
current drop at V_ is relatively sharp, it would appear that the current drop
at V_ is due to ''quiescent' ions as opposed to the 'jet' ions causing the
plate current drop at V.. This current inflection at V, could not be the onset
of some electron current (as the plate voltage goes positive) because any elec-
trons that get past the negative grid or are produced through secondary
processes at the grid, would not be attracted to the plate unless the plate
potential became more negative than that of the negative grid (which is at -150
to -400 volts),

To possibly aid in determining the source of this ''quiescent' ion gas
that produces the inflection at Va’ the ratio of ''quiet ion'" current to 'jet ion"
current was examined as a function of accelerator operating conditions,
Specifically, the above quiet to jet ion current ratio is (I1 - 12)/(13 - 14),
where I1 is the plate current at Vl' IZ is plate current at VZ’ etc, (see
Figure 82), This current ratio is approximately the ratio of quiescent gas
ion random current density to the product of jet ion velocity, jet ion density, and
ion charge. It was observed that the above ratio (0. 75 to 4.1, averaging at
1.5 for argon and 2.7 for xenon) increases on changing from argon to xenon,
increases onincreasing the gas flow rate from ~0.5 to ~1 mg/sec, usually
decreases on increasing the magnetic field coil current from 210 to 250 amps,
and increases for argon on increasing rf power from 1 kw to 2 kw, These
observations are also summarized in Table XI,

It should be noted that a few exploratory energy analyser probe
measurements (not those discussed here) have been made during some Mark
V-S accelerator runs for which the accelerator was isolated. During those
floating accelerator runs, the few exploratory analyser probe measurements
showed only ''jet ions" (Vc of Figure 82), but did not show any ''quiescent ions"
(V, of Figure 82).

As discussed elsewhere, isolation of the accelerator eliminated a
large accelerator-exhaust collector (calorimeter) current. Since the
accelerator runs discussed in this section had the accelerator and vacuum
tank grounded, the resulting large accelerator-tank current was probably due
to ion loss to the accelerator walls, This ion loss is due to both diffusion and
the radial electric field between the positive plasma and the grounded
accelerator wall, This accelerator ion loss in turn would produce an ion
defficiency in the accelerator exhaust. Consequently, to preserve charge
neutrality in the exhaust, the few remaining engine exhaust ions must move
slower than the electrons, If instead we assume the plasma in the exhaust jet to
consist of full velocity electrons, some full velocity ions, and enough quiescent
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(non -exhaust) ions to give net charge neutrality, we meet the reduced ion
current condition above and we have the quiescent ion gas which is observed
by the measurements discussed here., The large mean-free-path in the
accelerator exhaust could permit the two ion populations to co-exist,

Assuming the ''quiescent ion'' gas explanation to be the correct inter-
pretation of the V, inflection point (Figure 82, Table XII), appropriate semi-
log plots and equation (4. 1) have yielded temperature estimates for the
quiescent 1on gas of several runs, These temperatures ranged from 15,000
to 109, 000°K and averaged at 36,000 °K.

4,4,4.3 Intercomparison of Potential and Energy Analyser Probe Results

As indicated earlier, Table XI summarizes trends of the various
measured potential probe and energy analyser probe-determined plasma
parameters as a function of Mark V-S accelerator operating conditions.

To permit a more direct comparison of potential probe and energy
analyser probe results, we may make use of the earlier observation that
for any given run, the accelerator plasma potential is approximately propor-
tional to the magnetic field, Thus, in Table XIII we have listed the plasma
potential at the plasma-window interface (V W) as calculated from the 12.5 cm
-from-window (D = 12,5 c¢cm) measured plasma potential (see Table IX) while
assuming proportionality between magnetic field and plasma potential. If it
is assumed that the ions are formed at the window and the ion energy (in
~electron volts) is equal to the plasma potential through which the ions fall,
then V - Vp (at D = 77.8 cm) should numerically equal e(V_ - Vp). In all
cases, we see that [V pw " Vp (at D= 77.8 cm)] > e(Vc - Vp )

If we interpret the above observation to mean that the ions are formed
well away from the accelerator window and thus have a smaller plasma
potential difference through which to fall, it is possible to calculate the
(ionizing) distance (D;) from the window at which the difference between
calculated plasma potentla.l (calculated by the same method as V__ ) and V_
at the energy analyser probe (at D = 77,8 cm) equals e(V - Vp), the ion
kinetic energy at the energy analyser probe. This 1omzlng distance (D, ;) is
also listed in Table XIII as a function of accelerator operating cond1t10ns.

D; does not appear to vary in any consistent way with accelerator operating
conditions, nor do the D; values agree very well with the independently
measured and calculated microwave penetration distance of about 3-5 cm
from the plasma-window interface,
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4,.4,5 Thrust Stand Results

Original thrust stand tests were made with the waveguide evacuated,
An arc immediately formed within the waveguide destroying the waveguide
window, The waveguide section leading through the vacuum tank to the thrust
stand was then sealed, using O-ringed choke flanges, so that the guide was
at atmospheric pressure all the way to the beryllium oxide window in the
engine, In spite of the flexible waveguide section and the many guide flanges,
~a good vacuum tank base pressure was achieved (4 x 10" "mm Hg), the flexible
guide section was not noticeably stiffened by the positive internal pressure,
and successful engine operation was achieved,

The thrust stand sensitivity is sufficiently high to detect the reaction
to the engine thrust. A number of instrumentation problems have been
uncovered which currently limit the applicability and precision of this device.
These are listed below, with suggestions for improvement,

1. Magnetic effect: Detectable forces are exerted on the thrust stand
due purely to the interaction of the d-c magnetic field with miscel-
laneous magnetic pieces in the laboratory. For any given field
level this is constant and known and so can be subtracted out.

2. Thermal effects: When the r-f is turned on, with or without
plasma, a slow position shift results, probably due to the wave-
guide heating and expanding, One procedure which has been used
is to turn the r-f on first and let the thrust stand seek a new equili-
brium zero before igniting the plasma by turning up the magnetic
field, Cooling of the guide may reduce this effect.

3. Vibration: The large mechanical pump creates a vibration signal
on the thrust stand transducer output comparable in magnitude to
the thrust signal. The vacuum tank is mounted on vibration
absorbing pads and is further isolated from the pump by a bellows
section in the vacuum line, It is believed, however, that much of
this vibration is being carried into the thrust stand by water lines.
Attempts will be made to reduce this vibration level, perhaps by
installing a flexible section in the pump water line.

The following actions were taken to reduce these interference problems,

1. Magnetic effect: Steel rails and calorimeter carriage wheels
originally located in the vacuum tank were removed. It was also
discovered that contrary to the design specifications, the flexible
thrust stand legs were magnetic; these were replaced by one , 030"
nonmagnetic stainless steel leg at each of the four corners. These
changes reduced the magnetic problem, but a substantial shift in
thrust stand location still takes place due to the d-c accelerator
magnetic field,
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2, Vibration: The actual thrust measurement is made by measuring
the difference in equilibrium thrust stand positions immediately
before and immediately after shutdown as indicated by Figure 33,
During this short period around shutdown, the large mechanical
pump is turned off, thereby greatly reducing the vibrational level
of the stand. During this period, the diffusion pumps are fore-
pumped by smaller mechanical pumps,

3. Thermal effects: Nothing has yet been done to reduce the slow
thrust stand drift probably accountable to waveguide thermal
expansion, This effect does not interfere with the thrust measure-
ment made by the above outlined shutdown procedure,

Initial thrust measurements, using the Mark V-S accelerator resulted
in very low thrust, relative to mass flow and power, Placing a current meter
between the calorimeter and ground showed that a very large (~ 1 ampere)
electron current was flowing through the calorimeter, undoubtedly coming from
the grounded engine through the plasma stream. (This was later confirmed; see
below.) The calorimeter during these thrust stand tests is rather closely
positioned to the engine due to limited vacuum tank length; the engine exit plane
to calorimeter entrance plane distance is 8 centimeters, Since the calorimeter
efficiencies were still high (Table XIV), it is possible that a significant portion of
this power was being carried to the calorimeter by electrons and that ions were
merely drifting back to the accelerator walls, The calorimeter efficiency
remained as high or higher, however, when the calorimeter was ungrounded,
indicating either that the ions were now being accelerated or that the electrons
were finding another path to ground after depositing their energy at the calori-
meter, The calorimeter assumed a potential of about -25v relative to ground
during these grounded-accelerator, ungrounded-calorimeter tests,

TABLE XIV

- p
Power Efficiency ( plasma/Pr-f

(Accelerator on thrust stand, grounded)

Window
Gas Flow Field Power
mg/sec. gauss Efficiency

Ar 1,4 4290 .53
.26 4290 .67
.26 3900 .68
.26 3900 .75

Kr .56 4290 .79
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The thrust stand was modified so that the engine would be isolated from
ground, in hopes of eliminating this short-circuiting electron current. In order
to isolate the accelerator the following changes had to be made:

1. A teflon spacer was placed between the engine flange and the thrust
stand cover mounting surface, and nylon bushings were used to
insulate the mounting bolts from the engine flange, This was a
very difficult change since the coil housing is at atmospheric pres-
sure and the bolts have to sustain the very large force built up
between the two coil housing covers., Originally, teflon and nylon
both were tried, but these proved to be inadequate,

2. Rubber hoses were added within the coil housing to carry the
propellant gas and coolant water to the accelerator.

3. A nylon sleeve was made and the back cover was modified so that
the waveguide could be brought into the coil housing without being
grounded to the thrust stand,

4, Choke flanges and a thin boron nitride spacer were added to the
waveguide before it enters the thrust stand, By this type of
coupling the engine waveguide need not be d-c electrically tied
to the grounded waveguide from the klystron,

Although considerable time was spent making these modifications and
achieving a good vacuum, some thrust measurements with the isolated
accelerator were obtained before the end of the contract period. Since there
have not been sufficient tests to clearly establish parametric dependencies,
the results to date are presented in tabular form (Table XV) rather than as -4
plotted curves. Tank pressures during these tests were in the range 2 x 10
to 2 x 1072 torr, The following items are noted from this table:

1, Thrust levels were substantially increased over original results.
Whether or not this is directly ascribable to isolating the accelerator,
however, is not clear, as discussed below,

2. Measured thrust efficiencies are now large enough to indicate that
this type of accelerator is not inherently a low efficiency device,
Further study is required to determine just what the best attainable
efficiency is and under what operating conditions (m, P ¢ B, etc.)
this maximum is obtained.

3. A heavier molecule (xenon) appears to improve thrust efficiency,

which agrees with the earlier result that calorimeter efficiency also
increases with increasing molecular weight.
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4, Flow and field dependencies appear to exist, but further data
are required to define these quantitatively. It is obvious that
low field (190 amperes) and low flow (.10 and . 31 mg/sec) give
low thrust efficiency.

During these tests, both the accelerator and the calorimeter were |
isolated. The accelerator, however, appeared to assume a potential very
near ground (within + 2 volts) while the calorimeter ran typically at -25 to
-30 volts, depending on operating conditions., When the calorimeter was
grounded but the accelerator left isolated, the accelerator potential relative
to ground rose to about 24 volts, at 1 kw r-f power level. Contrary to earlier
results, grounding the accelerator and calorimeter, so that a large (~ 600 ma)
electron current flowed, did not clearly cause a marked decrease in thrust.
These results need further corroboration, but it is possible that improvements
in thrust measurement procedure in fact caused the noted thrust improvement.

These voltage measurements also raise the possibility that the observed
thrust is merely an electrostatic effect. To check this, a d-c voltage (up to
50 volts) was placed between the isolated accelerator and calorimeter; no thrust
stand deflection resulted,

Unfortunately, mechanical failures in the d-c coil unit and in the
accelerator mounting structure necessitated an early termination of the xenon
tests,

In order to confirm the relatively high measured thrust efficiencies,
an attempt was made to obtain thrust and energy probe data simultaneously.
Coil cooling, engine structure and probe leakage current problems continued
to plague these tests, however, so that no simultaneous thrust and ion energy
data were obtained,

4.5 MARK VIII (SCREEN WAVEGUIDE) ACCELERATOR

A photograph of the exhaust stream from the Mark VIII accelerator is
shown in Figure 83, Comparison of this photo with a similar one taken for the
Mark V-5 accelerator (Figure 62) suggests that this stream may be narrower.
This is confirmed by the calorimeter power data in Figure 84 which indicate
that the calorimeter collects a greater percentage of the exhaust power for
greater distances away from the engine exit (compare Figure 69). It is also
interesting to note that the peak calorimeter power occurs some distance out
from the accelerator,

Power efficiency data for the Mark VIII accelerator are plotted in
Figures 85 and 86, Xenon again (as with the Mark V -S accelerator) enables
operation at greater than 60% efficiency; a peak of 65% was recorded on one
run, Argon efficiency is slightly higher than for the Mark V-S accelerator.
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Figure 83, Photograph of Exhaust Stream Emerging from Mark VIII
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Figure 84, Dependence of Power on Calorimeter Position
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The efficiency at low power (1 kw) is about the same as at higher power
(2 kw); this design is more efficient than the Mark V-S accelerator at lower
power levels,

These results indicate that an accelerator of this general design will
run as efficiently as do the solid wall accelerators. Being capable of removing
the injection point further from the window and in addition being able to pump
on this region without loss of efficiency is very significant since it most
certainly reduces the power loading on the window,

At 2 kw in xenon some erosion and burning away of the copper screen
occurred. At the same power level in argon, the screen operated at a lower
temperature, If future designs of this type are attempted, a higher temperature
assembly is recommended,
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5. PROPAGATION WITHIN A MAGNETOPLASMA-FILLED WAVEGUIDE

5.1 INTRODUCTION

As an aid in the analysis of the experimental r-f probe measure-
ment data shown in Figures 71-74, it is desirable to correlate these re-
sults with those of some model which the theory supports. To do this, we
would like to ascertain the electron density of the plasma, and relate this,
in light of known damping mechanisms, to the propagation properties of the
EM wave in the plasma. Eventually, then, we should be able to compute
the field intensity, and reflected power from the model, and compare these
with experimental evidence.

An electron density model, as a function of distance from the dielectric
window, is assumed. This model is then used to derive the complex propaga-
tion constant, as a function of distance along the waveguide. A lumped
parameter equivalent circuit analysis is then performed on the plasma filled
waveguide, and the desired computations for the pertinent comparisons are
made from this circuit. The theory behind this analysis follows.

5.2 THEORETICAL MODEL

First, from the equations of motion of an electron in an electro-
magnetic field, with a constant magnetic intensity in the direction of propagation,
the wave propagation constant is obtained in a manner similar to Stratton
(Reference 26). The resulting dispersion relation, incorporating the effect
of electron collision interactions, is

2 wz
h2=<w> 1-<p> - (1)
c w W oy

B
1 - -
w ) w
where, w = r-f frequency
c = free space velocity of light
2
n e
wz = = lasma frequenc
P e, m ' P d y
qB
w = ——— , electron cyclotron frequency
B m
v = collision frequency

and the input field has been assumed to be circularly polarized, and
proportional to exp - j (hz - wt).
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It is found, however, that another damping effect is more pronounced
than that of actual particle collisions. This is the Doppler frequency shifting
effect (References 2 and 3) by which the r-f field frequency influencing an
electron is a function of the electron's velocity parallel to the direction of
field propagation. The effective frequency experienced by the electron is:

’

w =w+hrv, (2)

where h_ is the real part of the propagation constant, and v is the electron
velocityrin the direction of field propagation. This may be shown to be the
chief contributor to the damping effect by introducing this effective frequency
into the dispersion relation, averaging this relation according to a maxwellian
velocity distribution over all velocities, and allowing the particle collision
frequency V to go to zero. The details of this derivation may be found in

Appendix I. The resulting general solution for the conductivity is:

__l
Vv
2 te
2¢ w h 2 2
_ o p v T r o A) } A
g = > A > A _]I exp(yh—— dy » exp T
h Q r te r
te r

z
o
H
o
<
i

2kT 1/2 .
= ™ = electron velocity

€

A =w—wB

h h +jh,
r 1

From Maxwell's equations for an input field proportional to exp-j (hz-wt),
the conductivity becomes,

/ \
—-— 4 hz
O=-jwe -_?z— (4)
w /e

Equating the real and imaginary parts of (3) and (4), respectively, yields

—\/,17 w2 2 2
h = P w/c exp - | S (5)
r 2V h h, V h
te r i te r
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1
, A 2 v 1/2
) o \2 | 2 - vV h te A
h, = - hr +( > P > A exp ¢ r I exp(y dy -1
L o

(6)

Note that the negative sign associated with the square root in equation (6) has
been chosen.

A computer program has been written to solve Equations (5) and (6).
An explanation of this program may be found in Appendix I.

Having obtained the complex propagation constant by the above
methods, the equivalent circuit for the magnetoplasma-filled waveguide may
be devised. This, of course, allows the inclusion of the appropriate boundary
conditions for the waveguide and the mode of the input field. A detailed
derivation of the equivalent circuit appears in Appendix II.

The waveguide and enclosed medium are then '"'segmented'' into
uniform increments starting from the dielectric window, similar to the
procedure suggested by Mullin and Shane (Reference 27). In each increment,
the axial magnetic intensity is assumed constant, and the wave propagation
constant is computed. At some distance from the window, e.g., at the Nth
increment the field is assumed to be completely attenuated. The characteristic
impedance of the remainder of the guide, the Nth, (N+1)th, etc. increments,
then is assumed constant, and computed from the parameters at the Nth
increment., This impedance is then used as the load for the T -equivalent
circuit computed for the (N-1)th increment. The input impedance for this
network is in turn used as the load for the (N-Z)th increment, and so forth,
until we have reached the dielectric window, Now that the equivalent circuit
for each increment is specified, a normalized input field is introduced at the
window. The drop across each incremental circuit is computed, and the
corresponding output field intensity is computed. The magnitude of the re-
sulting field versus distance from the dielectric window is shown in later
Figures. The calculated reflection coefficient at the window is also shown.

The parameters which may be varied in the computer program
which performs all of the preceeding calculations are as follows:

(1) Plasma frequency - the electron density model used for the
presented results is an exponentially increasing one, as proposed by Yen
(Reference 28), in which the maximum value and relaxation constant are
variable parameters.
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(2) Cyclotron frequency - an empirical model has been derived
for the steady axial magnetic intensity along the guide, based on the actual
measured field configuration (Figure 12); the coil current producing this
field is a variable parameter.

(3) Segment size - the thickness and number of increments into
which the guide is segmented is a variable parameter.

(4) Energy - the electron energy, 2 KT, from which the electron
velocity is computed is a variable,

(5) The r-f frequency may be varied.
5.3 RESULTS AND INTERPRETATION
A typical computer output for the previously described program

is shown on the following pages (Table XVI). The parameters chosen for
this run are:

f = 8350 MC
-yx 3
n_ =n_(1-c¢ ) electrons/cm
12 = Vo
= 10 (1 - e 0 lx)
where x = z ( :) )
B = 23lex -( 2 +2)2/(26+ z ) auss
) PI"\Z254 2.54) | &39S
I = 230 AMPS
-12
2KT = 1.6 x 10 ERGS (= 1 ev)

On pages one and two of th

QO
e}
[
ok
o
£

DIST = distance from dielectric window
WB = cyclotron frequency

WP = plasma frequency

A" = collision frequency

H REAL = real part of propagation constant

H IMAG = imaginary part of propagation constant
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E FIELD REAL real part of the field intensity

E FIELD IMAG imaginary part of the field intensity

Z0 REAL = real part of the characteristic impedance of
a given increment

Z0 IMAG# = imaginary part of the characteristic impedance
of a given increment

ZIN REAL = real part of the input impedance of a given
increment

ZIN IMAG = imaginary part of the input impedance of a
given increment

#

COND REAL = real part of the conductivity

COND IMAG = imaginary part of the conductivity

DIST = distance from the dielectric window

E MAG = magnitude of the electric field

EP = 1) € *, where non-integer values apply to

large A < 0 approximation; N. B, if
€< 10-38 , the computer inserts 0.0
for these values

2) EP = 2,0 means the expandable region
approximation is being employed

3) EP = 1.0 means the A very small region
of approximation is being employed

4) EP = 0.0 means that the large A> 0 ap-
proximation is being employed; these are
distinguishable from the values of €< 10-38
due to their relative position in the results.

5) EP = 3.0 means that h,. = 0, and large A > 0
approximation is being employed.

*See Appendix I, equation (42).

+ Note: The notation 0.2000 E j—_ 05 indicates 2.0 x 10—t 4 in scientific notation

# Impedances are in abohms {10~? ochm) and conductances are in abmhos 1109mho),
the electromagnetic system of units being used throughout.
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Also, at the bottom of page two:

/ 2
VTE = electron thermal velocity, ——If—nT—

W =w =27{, the r-f radian frequency.

Plots of the real and imaginary parts of the propagation constant
for this run are given in Figure 87. It is obvious from this figure that a
sudden region of high absorption occurs near the point of cyclotron resonance,
This correlates well with the experimental evidence. A highly absorptive
medium is indicated from this point on, as the real part of the propagation
constant falls rapidly to zero.

As mentioned earlier, it is assumed that the damping effect due
to the doppler frequency shift of the moving electrons is more pronounced
than that of the actual particle collisions. We may now ascertain the
validity of this assumption by solving for V, the particle collision frequency,
given the propagation constant from the dispersion relation shown in
equation (1). This will give us the magnitude of what ¥ would have to have
been, in order to have obtained that propagation constant. By this artifice,
we may compare the Vto known particle collision frequencies, as for instance
calculated from relations derived by Spitzer (Reference 29), based on
electron coulomb interactions.

From equation (1),

w 2/w

2 2 . _ w 2 P

(hr -hi)+‘]2hrhi_(c ) - w-w_=-jv{° (7
B
Rationalizing and equating the real parts,
w

2 2 2, 2 Yp

hr - hi (w—u,B) +v - w (w-w o)
—— = : R (8)

(w/c) (w-w_ ) +vV
B
and solving for V,
2 1/2
wP

(w - w_) ,

w 2
v = 3 BZ - (w - wB) . (9)

(h = -h)
1 - r i
2
(w/c)
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A plot of this result, from the data presented. previously, is shown
in Figure 88, For comparison purposes, Spitzer's Equation (5-26) may be
used to evaluate the effective electron collision frequency arising from
coulomb processes., Assuming n = 1012 electrons/cc, and the transverse
electron energy is 1000 ev, V is approximately 2 x 103/sec. If the typical
energy in electron cyclotron motion is only 10 ev, the collision frequency
rises a thousand fold, to 2 x 106/sec. Thus, at and near the resonance point,
the Doppler effect is considerably greater than the coulombic collision process,
thereby justifying our initial assumption as to damping mechanisms.

Figures 89 thru 110 are typical plots of the magnitude of the electric
“ field versus the distance from the dielectric window. These plots were pro-
duced by a Stromberg-Carlson 4020 plotter used in conjunction with the

IBM 7094 computer. The data plotted was taken directly from the output of
the computer program. As a simplification, straight lines were used to
connect the points.

Figures 89 to 92 were chosen as those results which favorably
correlate, at least qualitatively, with the experimental results shown in
Figures 71 to 74. Note that the coil currents in the computed results are
respectively identical to those in the experimental results. This then
allows us to associate the quantitative parameters of the computer results,
such as electron density profiles, and energy, with those of the experimental
results. For example, we might now say that for the experimental 230 ampere
curve shown in Figure 73, the electron energy was about 1 ev, with a slowly
rising electron density profile to a maximum of 1012/cm3. All of the data
for this run is that given in Table XVI,

It is interesting to note that the computed results confirm the
sharp drop-off of the r-f electric field near the point of cyclotron resonance.
It will also be interesting in future experiments to compare the indicated
reflection coefficients with experimental measurements.

Figures 93 to 110 are typical results from a parameter variation
study. Here, the maximum electron density, electron energy, and electron
density rise distance ¥ are all systematically varied, for a constant coil
current of 230 amps. The corresponding parameters and the resulting
ratio of reflected to input power are noted on each figure.

We notice from these plots that as the maximum electron density
is decreased from 1013 to 1012/cm3, the depth for wave propagation is
slightly increased. This would be expected. We also note, however, that
the highest absorption occurs consistently in the region of cyclotron
resonance. This point, where w = wg, and that where w = w_ are indicated
on the plots. If the point w= w, is indicated by an arrow to the right, it
should be taken to mean that this point occurred at z >10 cm.
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Some of the plots clearly indicate that the distance between the
standing wave peaks becomes shorter as the wave progresses from the
dielectric window, This would indicate a wave compression, or an increase
in the dielectric constant of the medium. This effect is especially pro-
nounced in the low density, high energy region,

Finally, it should be noted that, in general, the reflection increases
with the decrease of electron energy for constant ¥ and maximum density.

Figure 111 represents another type of parameter variation study
performed, Here, the r-f frequency was allowed to vary from 8,5 to 10,0 gc,
and the ratio of reflected to input power computed. In both cases, the coil
current was 230 amps, the electron density rise constant ¥ was 0.1, and
the electron energy was 1.6 x 10-12 ergs, However, the two cases shown
represent different maximum electron densities, i.e., 1012 and 1013’/<:m3
respectively,

In general, the higher electron density gives consistently lower

reflection. These results should prove extremely interesting when'the
corresponding experimental measurements are made,
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APPENDIX I

G. F. Crimi, J. M. Levin

The calculation of the propagation constant, h, is a straightforward
extension of the work of D, BenDaniel (Reference 3) who included the effect
of Doppler shifts in his treatment of the dispersion relation. It is well-known
(see e.g. Stratton (Reference 26) that the dispersion relation for a plane wave
propagating parallel to a fixed magnetic field is

. 2
2 wz @ 1
h = — 1 - P (1)
2 w w
¢ 1 —2 452
w 170

where wis the frequency of the wave, w, is the plasma frequency, Wy is
the cyclotron frequency, c is the velocity of light in the plasma, and V is
the collision frequency. Furthermore, the conductivity of the medium can
be expressed by solving the inhomogeneous wave equation

2 o H _ 3H
V'H-K € LT (2)
ot
for the case of a plane wave
+i(kz -
H=H_ iRz - wt) (3)

Substitution of (3) into (2) yields

hZ 2

s C

o=tjw €0 - 2 (4)
w

Choosing the minus sign in equations (1), (3) and (4) in order to examine the
resonance phenomenon associated with the extraordinary wave, and substituting
(1) into (4) yields

. 2
_pr €0
g-_i w-wB-ju (%)

In the limit of zero collision frequency one would be tempted to say that o becorr'xes
purely imaginary. However, from a heuristic standpoint we can see by inspection
that ¢ will have a real part by recalling the Plemelj formulas (References 31 and 32),

1

, e e
1€1r110 (X-X'_-l_:je)—P<X-X'>'+'1TJG (X-X")

135



(where P indicates the Cauchy principal value integral), and therefore,

2 1
limg=-jw_¢€ [P—————-ﬂjé(w-w)}.
V=0 p o w-wp B

(These comimments have been made only to indicate the plausibility of the existence

of the real part of0. In the rigorous considerations which follow we do not use the
Hemelj formulas but actually perform the calculations for arbitrary values of v,
taking the limit as ¥ ™ o only after the integrals have been evaluated.)

BenDaniel argued that many of the electrons had a component of
velocity parallel to the wave and consequently '"'saw'' a Doppler shifted
frequency,

= 6
weff w+ hr v, (6)

where z is the direction of propagation of the wave. Therefore, to find
o for the plasma, it was necessary to average equation (5) for g over all
possible values of v_ (with an appropriate weighting factor) after replacing

£ i . =
w by weff rom equazhon (6). Thus, at resonance, where weff wgt hr v
+
., 2 -1
j‘ f(vz) [pr €0<——————h Ty > ]dvz
_ J. rz
. © f d "
i (vz) v,
If f (vz) is Maxwellian, BenDaniel found that
\/— 2
_ e o wp
Reo = v (8)
r te

where
vV = \[2KT
te m
e

In the present calculation the fact that the longitudinal magnetic
field is not homogeneous has been included. This inhomogeneity is reflected
in the fact that the cyclotron frequency, wp, changes along the guide. There-
fore, if w= wp at one point in the guide, it will certainly be off -resonance
elsewhere. It we define a parameter Ato be the difference between w and wy
(for an electron with v, = 0) at a given point in the guide,

A =w- wp (9)
then we will find that
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- =1 - = 0
weﬁ wp= (w+ hrvz) wpy A+ hrvZ (10)
and hence, for a normalized f (vz),
+co
— . 2 1
o __pr €o“‘ (/(+hv)-jl/ f(Vz)dvz
- r z
= o +ig 11
o.tio, (11)
Returning to equation (4) we see that if h is complex
2 hih c2 € o] > > CZ
r .
g = - o J-J weo l+(hi-hr wz (12)

Equating (11) and (12) we can solve for hr and hi and thus the propagation

constant is determined.

In the following analysis we will assume that the electrons have a Boltzmann

distribution in their longitudinal velocities,

m
27KT

f (vz) =

and therefore equation (11) becomes

+co

o

2
e -av dv

e
(A n hr - v follows:

Evaluation of S
-0

Let us define

+x

o= |

(47 VZ
e dv

- Vv
(A+h V) -]

_ . 2 J' m e d
"% €6 ) 27kT (A b v_-jv) 2

(13)
2
mv
z
2kT
(14)
(15)

Then we can make the denominator an even function of v,
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dv

2
nt A (A-jV> 2
h
r

Define a function A (&) as follows:

2
2 [A-jv
- o[ (62)]
e

A (a) = I 5 dv (16)
- A-jv 2
h -V
Ir
Then oo > Ani 2 A- iy 2
Y] R Lt L4 +o < - J )
h h

&: S r d - r _1..
da = e v [ o

Integrating this differential equation with respect to &, we find that

2
A A=Y
o« w(252)
r m

A () = j. e o da' + const. (17)

d 1
lLetx=\/a, dx= ca . Then A (&) becomes

2y &

W(A

.-.!V> 2 XZ
Al = 2y m I dx + L

By (18)
(o]

where L is a constant of integration., Then recalling equations (15) and (16)
we see that
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n
NN
>
|
[Csde
<
\/
[¢]
1
R
=
1
H:r )

I(a) A (a)
L 2
r
. \2 2
V& -a) (Ah""> -y
= 2vnm <A'gv> S e r dx + L e r (19)
o]

h
r

To evaluate the integration constant, L, consider I (&) for = 0. From
(I15) we see that

- (A +h vijy)av
I(O‘:O):f __iY__=I r (20)
-jV
A hr v - (A+hrv)2+ v2
1ety=A+hrV, dy=hr dv
+o +c©
_ ydy jv j dy . m
I(a-O)sj > % + h 5 > -+_]——h (21)
_mhr(y+v) r oy tv by
Letting o = 0 in (19) and equating this expression to (21) we find that
A-jv
N < ) >L=+j—"—
h
h r
r
or
n‘hr
L= +]j A7) (22)
Therefore,
+© aVZ
s

MO R, B R

2 A -jv 2
. 2 A-jV _q(._l).
A-jv ﬁ & ‘O‘)< hr ) dx + j i e hr (23)
] <hg> [ j
T

(6]
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Returning to equation (14) we find that

2 .. 2
-jv A-jv
Vo O R
- .2 m ZJW—(A-jV)( R LA r
9% = J9, %\ 2mkT 2] ) ¢ h
v \h / %o r
( r (24)
“where
m
=y [—. 25
* "\ 2T (25)
If we now go to the limit of zero collision frequency (24) becomes
2
2 A
VE (x -a) 2
/ — h
. - . 2 m 2V A < r) .m - a(—l}__)
lim g=-jw ¢ e dx+j—— e h
p oV 2nkT 2 h r
V=0 hr o r
(26)
It is interesting to note that in the limit as A = 0, equation (25)
reduces to the BenDaniel result already quoted in equation (8).
As is explained in the text, the real and imaginary parts of
equations (26), and (12) are equated, respectively, giving
2
\/‘rrwzp wlc A 2
= - - [ — 27
b, 2V h h_ °XP V n (27)
te r 1 te r
1
—_ 1/2
2 Vt /
e
2 2w 2 2
- 2 W P A A
TR T +( c ) 2 A exP‘(VT 5 exp(y§-) dy-l
V. wh te 1 r
te r o

(28)
for the solution of the complex propagation constant at any given point in the
waveguide., Note, as mentioned in the text, the negative sign on the square
root in equation (28) is chosen, The reason for this is that in order to obtain

any real values for hr from equation (27), the h, in the denominator must
have a minus sign associated with it, !
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Due to computer limitations in dealing with large exponents, the
solution of equations (27) and (28) must be performed by several different
approximation techniques depending upon the value of the exponent

A - The methods of the approximations and their applicable ranges

h
Vte b o

will be given in the following:

large, we examine the integral in equation (28),
1
V’ce

a) ForIA

A 2
=P (Vte hr )

Oh—\
o
L]
e}
N
]
&>
~—"
™
[N
<

1
vte 1 > A 2

e () ) e
o

Vte r

and realize that equation (29) represents the area under one of the curves
of Figure A-1 depending on the value of (A /hr).

F(y)

Lr

A decreasing

m |-
Li

Figure (A~1)

But, to a good degree of accuracy, the area of such a function can be ap-

proximated by(—l—- — € - fold distance ) times the height, 1. The ¢ -fold

Vt e

distance is found from
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2
(a0 (&) -

vte T
r 1 Ch Y 271/2
r
= - 1
Ve [ 2 ( A ) J (31)
A\
te
Then, . 2.1/2 |
AREA = Ay x1= |1 _ (1. . -—?—) (32)
€ A% 2 A
te v
te
Or, equation (32) may be written,
: h Vt 271/2 :
r te
AREA = - v 1- K + 7 (33)
te te
and for A|>> hr vte we may write (33) as
2
h Vv 2 h
1 1 ( r te) ) 1 1 ( r)
- - —_— - — ——— + = —
AREA v (1 2 \7A v 2 Vie \TA (34)

te te

Substituting this into equation (28) gives,

5 wz wz 1/2
h,=-hr+( ) P -1 (35)

Now, for wg > w, then A < 0,and we may further simplify equation (35):
B 7 y y 7

let K = (—-) —L-I)I A <0
c wA
2
then h, = - (h ; K)I/Z (36)
i r
and from equation (27),
2
2 -W A
e ()
i te r
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ZVtec

But, equation (37) requires that h = 0 for this region of A, which is not the
physical situation; therefore, h = 0. To allow this, we define € by,

hr2= K(l+¢€) (38)

then hi =-JJK Je (39)

which makes equation (37) become

AN Q-e+éfnn

\/K_\/?— d Vte/ K

K(l+e) =

(40)

and as ¢ =0

2
K3/2= w exp_(A) 1 (41)

Vo TP T

te
which, to a first-order approximation, we may solve for ¢,

W2 2 2
Tz ()
K te
which for Al large justifies our original assumption of ¢ small, This
gives
1/2
ho= (K(1+e)) (43)
2
-W /A \ 1
h,= —— exp - { — —_— (44)
K
i K \v../

For w > wp and |A| large, the physical situation dictates that
hr = 0, therefore, in this part of the program Equations (35) and (37) are
used directly; the new h; is calculated from the preceeding value of h,. and
the new w_ and A; and the new h,. is calculated from this new h; p @ and A,
No iterations are involved and the procedure simply provides a cont1nuous
function for h,. which rapidly approaches zero, while h; - K.

b) For this program the computer is capable of handling values of A such

that A

v 5 % 0.9. Therefore, for the intermediate range of A such
te r

that,
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0.02 <

A <
V—?—l > 0.9
te r

an expansion of the integrand of equation (28) is completed, the number of
terms used depending upon a selected error criterion, and a termwise
integration is performed. This computation is used in conjunction with an
iterative solution of equation (27) for hr'

< 0.02, athird approximation for the

c) For Asmall, i, e. where

h
te r

solution of the integral of equation (29) is employed. Here, near resonance,
the program is allowed to compute from the first two terms of the integrated
expansion, such that,

which is then used in an iterative solution for hr'
Sequentially, a typical run consists of the following:

1} Initial values of h and h calculated directly from equations
(43) and (44) for large negat1ve A

2) A region around resonance, using the integrated expansion
described in (b) above, and an iterative solution for h,., where
each initial guess for h, for a given point in the guide is the

value of hy computed for the previous point. Here, A < 0.

3) A region of small A, quite near resonance, as described in
(c) above.

4) A second expansionable region, as we leave resonance, and
w> w_,
B

5) A region where A - w, as described in (a) above.
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APPENDIX II
G, F, Crimi

An equivalent circuit analysis, such as that found in Jordan (Reference
30) may be performed on the cylindrical waveguide for a TE mode once the
propagation constant at each point has been specified, For this system the
lumped parameter circuit is shown in Figure A-2,

—rm NN — MN—

/ 2

jw 1 K

/ jop

> >
/i: g e 3
jwe t+o —

2 2 2
where K = w yeo -h - jwuo
2

- 1.8

g = iwe, ( 2 2)
w /c

Figure A-2
Analogous to the transmission line, the characteristic impedance for

the waveguide is found by

Z = X/Y

O.
N p—r
vV % (46)
Jw€0 + _]CU_IJ- + C
_ n
2
We . C
\/1 ‘(“w—> ST (47)
where
n = JVhl/e,
w = _{Pa) mn

© a He
(pa)’ = 1.84 for a TE,, mode

a = 2.93 cm, ; radius of guide.
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Since the conductivity 0 is a function of position in the guide, equation (47)
represents the characteristic impedance of any given increment of the
segmented guide, as described in the text,

The field is assumed vanisl%ﬁd at the point of the Nth element, The
characteristic impedance of the N~ element is computed from equation (47) and
it is assumed that this is the characteristic impedance for the (N + 1)th,(N+ 2)th,
etc, The guide is thus assumed terminated by this impedance. The input
impedance for the (N - 1) th increment is found to be:

Z_. +jZg (N-1) tan (hd)

L
tan (hd)

: (48)
Zo(N-1)+j2

Z n (N-1) = Z(N-1)

L

where

ZO (N-1) = characteristic impedance of the (N-1)th increment

2y

the load on the (N-1)th increment

the input impedance of the Nth increment

d

thickness of the increment

In this particular case, at the end of the guide, ZL is the characteristic
impedance of the Nth increment,

Equation (48) allows us to resolve the increment into an equivalent
T -circuit as shown in Figure A-3,

oA NN ©
Za Zb
Z
c
O | e
Figure A-3
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2, = ‘/Zzo(zlo Z1s)
= -z

Za ZlO c

2y = Zo0 " Ze

We shall assume that the small increment is expressible as a balanced T, ..

Z10 = %30
Now, Z10 implies ZL - ®

and, le implies ZL -0

.. le = JZO tan (hd)

Finally,
. 2
Z_ = iZy v 1+cta® (ha) (49a)
Za = Zb = - JZO ctn (hd) - ZC (49b)

We have now specified the circuit for any given increment of the guide, in
terms of the parameters associated with that point in the guide, Equations
(47) and (49) are then used to complete the ladder network to the window of
the guide. A normalized input field is then assumed at the window, and
simple circuit theory is applied to the T - equivalent circuits to find the output
for each successive increment, starting from the first at the window, and

ending with the output of the (N-1)th, at which point the field should have
vanished,
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APPENDIX III

SPECTROSCOFIC ANALYSIS; Be CONTAMINATION

D. B. Miller

Although various dielectric materials have been utilized for the
waveguide window in the electron-cyclotron resonance accelerator
(" Cyclops''), the only satisfactory solution at high r-f power levels has
been beryllium. Since beryllium and beryllium compounds are considered
to be highly toxic, however, care must be taken to make sure that dangerous
situations do not arise.

Sax™ "~ reports that the major danger is to the lungs by inhalation of
beryllium oxide dust particles, although skin irritation can also result
from body contact. Thus the BeO windows have been carefully protected
from any abrasive action during storage, handling or assembly. Of more
importance are possible effects due to BeO eroded from the windows by
energetic, impinging plasma particles. To study the extent and distribution
of eroded beryllium, samples are occasionally taken from various exposed
surfaces and analysed for Be content. The results are listed in the
accompanying table.

We observe from this table that beryllium is on occasion detected
in significant quantities; since the only source of beryllium in this system
is the waveguide window, we must conclude that the Be deposits are due to
window erosion. It seems likely that a good deal of this erosion takes place
at lower magnetic field values, when the intense plasma is located directly
within the accelerator; wall erosion is believed also to be more severe
under low field conditions (see Section 4.1). Since wall erosion was most
severe with the Mark IV accelerators, perhaps the window erosion also
occurred most rapidly with these accelerators.

For some undetermined reason, the 18" tank wall showed relatively
high Be content. This tank is not now in use but has been thoroughly cleaned
before putting in storage. The 4' tank has relatively low contamination.
Surfaces such as probe and calorimeter front faces, which directly intercept
the beam at close range, show high Be content.

Action items based on these results are as follows:

1) Known and suspected contamination areas should be avoided.
Abrasive (machining, grinding, filing) activity on such items as used
calorimeters and probes willbe done only after the pieces have been thoroughly
cleaned, using a continuously submerged cleaning procedure. Work within the
tank will be minimized and done only under good ventilation conditions.
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2) Samples will continue to be spectroscopically analysed.

3) Low magnetic field tests with accelerators having BeO windows
will be kept to a minimum.

4) Accelerator designs employing window materials other than
BeO will be developed. In particular, the BN-windowed Mark VII design
(see section 3.2) should be tested. Fossibly the sapphire or alumina
windows can be used successfully with a high-field, screened-waveguide
accelerator such as the Mark VIII.
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APPENDIX IV

CIRCULAR POLARIZER

D. B. Miller

Since r-f power couples into the cyclotron orbiting electrons only
from that circularly-polarized component of the wave whose electric
vector rotates with the electrons (known as the "extra-ordinary' wave¥),
best efficiency will result when the total wave power is in this ""extra-
ordinary' wave. The polarizer (see Figure 13) is incorporated into the
r-f system to accomplish this objective. In order to test the circularity
of the wave after passage through this polarizer, a special test section was
added just beyond the polarizer. This special section consists of a piece
of cylindrical guide having the same inside diameter as the output end of
the polarizer and which is rotatable relative to the polarizer. A small
antenna probe projecting radially through the guide wall then measures
the r-f radial electric field as a function of azimuthal angle. Perfect
circularity would result in this signal being independent of angle. For the
best setting of the polarizer, the ratio of maximum to minimum ‘signal was
in fact measured to be 4:1. The influence of reflection was not evaluated
in this test.

* Since the rotation direction depends on the direction of the magnetic
field, this may be either a clo¢kwise or counter-clockwise rotation. If
the propagation is parallel to B, then electrons rotate counter-clockwise
viewing in the propagation direction, requiring the counter-clockwise
rotating wave. This is usually referred to as the right hand wave (Ref.
26, p. 280).
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