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Measurements of Plasma Fluctuations in an
8-cm Mercury Ion Thruster

John S. Serafini* and Shigeo Nakanishit
NASA Lewis Research Center, Cleveland, Ohio

The rms magnitude, spectra, and cross-correlations for the fluctuations in the beam current, the neutralizer
keeper current, and the discharge current and voltage were measured for an 8-cm diam dished grid ion thruster
for a beam current of 72 mA. The effects on the fluctuations of varying several neutralizer parameters, including
the keeper hole diameter, the keeper current, and the flow rate were studied. Varying the neutralizer keeper hole
diameter resulted in a variation in the ratio of the rms magnitude of the fluctuation to the time-mean of the beam
current from 0.02 to 0.67. The ratio of the rms magnitude of the fluctuations to the time-mean neutralizer keeper
current was found to depend significantly on the neutralizer time-mean keeper current, the flow rate, and keeper
hole diameter. The maxima of the spectra of the beam current fluctuations did not depend on the discharge fluc-
tuations. From the spectral and cross-correlation results, the discharge current fluctuations did not contribute
directly to the beam current fluctuations. The rms magnitudes, spectral, and cross-correlation results of the
neutralizer keeper current fluctuations indicate that the neutralizer contributions to the beam fluctuations could
be small (for good neutralizer-to-beam coupling) but not negligible and appear mostly in the higher frequency
range measured.

Introduction

THE 8-cm diam mercury electron bombardment ion
thruster is designed to provide stationkeeping and attitude

control of geosynchronous spacecraft. * All flight tests to date
have indicated no electromagnetic interference caused by
thruster fluctuations and noise. However, because of the im-
portance of this area, the further study of thruster fluc-
tuations and noise-is warranted. A mercury ion thruster can
•produce fluctuations about the mean ion beam current, in the
discharge plasma, and possibly within the power conditioner
itself.2 These fluctuations can occur over a broad frequency
spectrum.

This paper gives the initial and first-known results of
measurements of fluctuations on an 8-cm mercury ion
thruster. The investigation included observing the effects on
the fluctuations of varying several neutralizer parameters,
particularly the neutralizer keeper hole size, the keeper
current, and the flow rate.

Apparatus and Experimental Techniques
The 8-cm diam mercury ion thruster is designed to operate

at a specific impulse near 3000 sec and thrust levels of 4.4 to
8.8 mN (1 to 2 mlb). The thruster design1 incorporates high
perveance ion extraction grids, permanent magnets, and
hollow cathodes with rolled tantalum foil inserts for both the
discharge chamber and neutralizer. The neutralizer keeper is
of the enclosed type whose hole size was incrementally in-
creased from 0.081 to 0.257 cm in this investigation.

A block diagram and de.tails of the laboratory test power
console for the thruster are given in Ref. 1. A line regulator
was provided to eliminate line transients from the primary
power bus. Regulation of the supply for the net accelerating
potential was better than 0.01% of full scale. The output im-
pedance was approximately 4/xF. The output circuit of the
current regulator of the discharge chamber supply had only
stray capacitance associated with it and therefore was capable
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of delivering constant current to the discharge well into the
kHz frequency range. The neutralizer supply common was
isolated from facility ground, and a clamp circuit consisting
of back-to-back gas discharge tubes was a safety provision to
maintain the neutralizer floating potential to within 150 V of
ground potential. Measured impedances between the
neutralizer common and facility ground were 1.6/>t/>tF without
the power console and 0.52juF in parallel with about 100 Q
with the power console connected to the thruster.

The thruster was operated in a vacuum chamber at about
3 x l O ~ 6 Torr. The nominal operating conditions of the
thruster for a beam current of 72 mA at 1250 V net ac-
celerating potential and - 500 V accelerator potential were:
discharge voltage, 38 V; discharge current, 0.70 A; keeper-
discharge, 0.26 A at 10 V. The cathode flow rate was held at
about 90 mA Hg+ equivalent. The neutralizer keeper
discharge was set for 0.45 A (except when varied as a test
variable) at 13 to 20 V depending upon the keeper hole size
and flow rate. The neutralizer flow rate was varied over a
range from 1.75 to 10.0 equivalent mA.

Two current probes (0.64-cm diam molybdenum planar)
were used to sense ion beam current fluctuations (see Fig. 1).
Both probes were biased at -20 V by means of shielded
variable-voltage bias supplies to permit operation of the
probes in the ion-collection mode. The probe current was
passed through a 100012 resistor connected to ground. The
voltage drop across the resistor then was used to measure

Fig. 1 Schematic diagram of instrumentation used to obtain cross-
correlations and spectra for plasma fluctuations.
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current. The time-mean voltages were monitored on dc digital
voltmeters and the time-varying voltages were fed into
cathode followers having a high input impedance. An ac
coupled amplifier provided a suitable output of the time-
varying signal. It was possible to inspect portions of the
frequency content of the broadband data by the use of high-
pass band or low-pass band frequency filtering.

Current loop probes were used to sense emission current,
total ion beam current, and neutralizer keeper current fluc-
tuations. These probes were placed around the appropriate
current-carrying conductors from the power supply to the
thruster. The discharge voltage fluctuations were sensed by a
current loop about a lead having a 1003Q noninductive
resistor across the discharge supply leads before being con-
nected to the thruster. The sensitivity of the current loop was 2
mA per mV, respectively. For details of the gain, frequency
response, and calibration of the data system see Ref. 2.

The magnitudes of the time-varying output signals from the
ion beam probe and current-loop probe systems were
measured on meters which gave the true root-mean-square
magnitude. The amplitude as a function of frequency was
measured from 0 to 3.5 MHz. The space-time or cross
correlations ,as well as the auto correlations of fluctuations in
the beam were measured. A brief description of this technique
and its implications are given in Appendix B of Ref. 2. Also,
measurements of the cross and auto correlations between fluc-
tuations sensed by the current loop probes were obtained.

Results and Discussion
rms Magnitudes

Figure 2 shows a radial variation of the time-mean /(/) and
root-mean-square magnitude [ i2 (t) ] l/2 of the ion beam probe
current fluctuations sensed at a fixed axial distance from the
grid. In this and all other figures, the functional dependence
on time t will be_omitted in the notation and thus I(t)-~I
and [ / 2 ( O J //2~* \?~] '/2- The data in Fig. 2 are given for the
standard operating condition of this thruster (and for all of
the results presented herein). The axial displacement of the
probe from the accelerator grid was 12.7 cm for all of the
results presented herein. From the curves in Fig. 2 it is seen
that the trend of the rms values of the fluctuations and the
time-mean current are generally similar. The ratio of the rms
to the time-mean current at the peak of the time-mean curve is
0.026 and at a radial distance r of 4 cm from the peak it is
0.030.

The manner in which the neutralizer provides electrons for
the beam and thus is "coupled" to the beam has been of con-
cern in previous 8-cm mercury ion thruster studies.{ Con-
sequently, it was considered to be an important part of the
present investigation to look at how the fluctuations in the
neutralizer affected both the time-varying and the time-mean
aspects of the coupling of the neutralizer with the beam. In
Fig. 3 the effect of the neutralizer fluctuations on the beam
fluctuations is considered. Figure 3 shows the rms magnitude
of the neutralizer keeper current fluctuations as a function of
the ratio of the rms magnitude to the time-mean beam cur-
rents for the range of neutralizer keeper hole diameters in-
vestigated from 0.081 to 0.257 cm. The data in Fig. 3 include
values of neutralizer keeper current JNK from 0.2 to 0.45 A
and neutralizer cathode flow rates from 1.75 to 10 mA.

The desirable conditions of operation obviously should in-
clude those where the ratio of the rms magnitude to the time-
mean beam current are a minimum. Thusr the points which
extend from values of [J2

B] 1/2lTB, 0.10 to 0.67, are not
desirable. As values get larger, the beam becomes more un-
stable, which results in the production of "beam noise." As is
seen in Fig. 3, there is a considerable set of points which have
values of [j2

B] ' / 2 / J B , less than 0.10 and these points lie near
the vertical portion of the curve. With one exception all of
these points are for neutralizer keeper hole diameters dN of
0.157 cm or greater. Although the neutralizer keeper current
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Fig. 2 A typical radial variation of the root-mean-square magnitude
of the fluctuations and the time-mean currents to the ion beam probe.
JB = 72 mA; A V, =38 V; JE =0.70 A.
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Fig. 3 Root-mean-square magnitude of fluctuations of neutralizer
keeper current as a function of the ratio of the root-mean-square
magnitude of fluctuations to time-mean beam current for a range of
neutralizer keeper hole sizes.

Fig. 4 Root-mean-square magnitude of fluctuations of neutralizer
keeper current as a function of the neutralizer floating potential,
V^for a range of neutralizer keeper hole sizes.

fluctuations cover a range greater than a factor of 2, the ratio
UB] '/2/JB* remains under 0.07. For this set of values of dN
equal to or greater than 0.157 cm, the values of JNK and the
neutralizer flow rate were 0.45 A and 7.0 mA, respectively.

To examine the time-mean neutralizer-beam coupling the
rms magnitude of the neutralizer keeper current fluctua-
tions is presented as a function of the neutralizer floating
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potential Vs in Fig. 4. A correspondence is noted
between^ the neutralizer floating potential values in Fig. 4 and
the [J2

B] 1/2 /7~B values in Fig. 3. Where the coupling is good
( I Vg I equal to 12.0 V or less), the values of [JU '/2 lTB are less
than 0.07. Where the coupling of the_beam current is not as
good(lFgl>12.0V), the values of [JH I/2 lTB increase
correspondingly. In other words, where the time-mean or
steady-state coupling of the neutralizer with beam current is
good, a minimum fluctuation in the beam current is obtained
or the time-varying coupling is also good.

In Fig. 5 is presented the ratio of the rms magnitudes of the
fluctuations to the time-mean currents for both the neutralizer
keeper current and the beam current as a function of the
neutralizer flow rate mN in mA for JNK of 0.45 A and dN of
0.193 cm. In this particular case, the effect of varying mN is
comparable for both the beam and neutralizer keeper current
fluctuations. At low neutralizer flow rates, however, the
neutralizer fluctuations begin to increase more rapidly than
the beam fluctuations. The particular shape of each curve was
found to be dependent on the value of JNK and the neutralizer
keeper hole diameter.

Figure 6 shows the ratio of the rms magnitudes to the time-
mean currents for both the neutralizer keeper and beam
currents as a function of JNK, the time-mean neutralizer
keeper current, for a dN of 0. 193 cm and a mN of 6.5 mA. The
curve for the beam fluctuations is such that for all values of
TNK^he ratio [j2

B] 1/2 lTB is greater tharrthe ratio [J2
NK] '/2 /TNK.

As TNK decreases to 0.2 A the ratio [j2
B] l/2 /7~B increases

steeply to 0.160. This increase in the level of beam current
fluctuations simply may be the result of an insufficient num-
ber of electrons to neutralize effectively the beam at low
values of JNK.

To this point there has been no mention of the rms
magnitudes of the fluctuations in discharge current JE and
voltage AVj. Because the steady-state conditions in the
discharge were controlled to be constant at JE of 0.70 A and
A Vj of 38.0 V, it was expected that the rms magnitudes of the
discharge current and voltage would not change significantly
over the series of tests. In fact, there was some variation, and
over the series of tests [At;/] l/2 the rms magnitude of the
discharge voltage, was 1.16 ±0.17 V or_[At;/] 7 / '/AF7 was
0.03 ± 0.0044. Over the series of tests [711 >/: , the rms mag-
nitude of the discharge current, was 0.0447 ±0.0079 A or

I/2 lTE was 0.0064 ±0.001 1. Examination of these data in

.061—

some detail did not reveal any particular trend with any of the
neutralizer parameters being varied or the consequent
variation in the neutralizer-beam coupling. Although the
variation in the rms magnitudes of the discharge voltage and
current was small, its source or reasons for being are unex-
plained.

Knowledge of Vg fluctuations may be significant to deter-
mine the impact, if any, of thruster operation on the
spacecraft interface in relation to system operations,
spacecraft charging, etc. The quantity Vg (t) is the potential
between the neutralizer common and facility ground, and is
indicative of the degree of coupling between the neutralizer
and the beam plasma. In space, this coupling potential
represents the potential between the spacecraft and the space
plasma surrounding it. Perturbations or oscillations on this
coupling potential, if they were to exist, could be significant
for mission operation.

A limited investigation of the fluctuations or time-varying
property of the neutralizer floating potential ( - Vg) was done
near the_end of the series of tests. These initial measurements
of the [v2

g] l/2
9 the rms magnitude of the neutralizer floating

potential, were made for neutralizer keeper hole diameters dN
of 0. 193 and 0.257 cm. The neutralizer keeper current JNK and
flow rate mN were 0.45 A and/7.0 mA, respectively. For the
dN of 0.1 93 cm, the value of [v2,] l/2 was 0.275 and the value
of [yf] l / 2 / \ V g \ was 0.031. For the dN of 0.257 cm, the value

4 5 6 7 8 9 10
NEUTRALIZER FLOW RATE, mN, mA

Fig. 5 Effect of varying the neutralizer flow rate on the ratio of root-
mean-square magnitude of fluctuations to time-mean for the
neutralizer keeper and ion beam currents. «//v# = 0.45 A; diameter of
neutralizer keeper hole, dN =0.193 cm.

TO 0.160 AT JNK = 0.2 A

'.2 .3 .4 _ .5
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Fig. 6 Effect of varying the neutralizer keeper current on the ratio of
root-mean-square magnitude of fluctuations to time-mean for the
neutralizer keeper and ion beam currents. Neutralizer flow rate,
mN = 6.5 mA; diameter of neutralizer keeper hole, dN - 0.193 cm.

of [v2
g] l/2 was 0.179 and the value of [v2

g] 1/2/\Vg\ wasO.021.
These results for the Vg fluctuations are similar in their values
to those for the neutralizer keeper and beam current fluc-
tuations. In addition, these values of [v2] l/21 \Vg I appear to
be sufficiently small as not to effect appreciably the behavior
of the spacecraft potentials.

Spectral Data
The spectra of the fluctuations in terms of the relative am-

plitude in decibels as a function of frequency are given in Fig.
7 for a typical operating condition of the thruster with a JNK
of 0.45 A, mN of 7.0 mA, and dN of 0.157 cm. Figure 7a
presents this type of spectrum for the fluctuations of the
discharge current and for the fluctuations of the discharge
voltage, Fig. 7b for the fluctuations of the neutralizer keeper
and ion beam currents. The spectra of the discharge voltage
fluctuations in Fig. 7a are characterized mainly by a highest
peak at about 78 kHz and on both sides of this peak there is a
fall-off in amplitude. The fall-off in amplitude as the frequen-
cies decrease below the peak frequency is comparable to that
found in Ref. 2 for the discharge fluctuations. If the portion
of the spectrum between 105 and 106 Hz is examined, the
dependence on frequency is/~2-1. Thus, on the basis of the
discharge current fluctuation spectrum alone, there is some
resemblance here to the spectrum observed in plasma tur-
bulence experiments which exhibit a/~2-5 dependence.3"5

In Fig. 7a the spectrum for the fluctuations in discharge
voltage exhibits the same maximum or peak of greatest am-
plitude at 78 kHz as the spectrum for the discharge current
fluctuations. However, elsewhere in frequency the two spectra
are dissimilar. In the case of the discharge voltage, for
frequencies less than the peak frequency, the fall-off is small
as the frequency decreases, only 12 dB from the peak frequen-
cy to 200 Hz. Above the peak frequencies there is a fall-off in
amplitude with increasing frequency of an/"4-5 dependence.
There is a smaller peak (-17.5 dB) at about 1.6 MHz which
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Fig. 7 Relative amplitude in decibels as a function of frequency of
the fluctuations for a typical thruster operating condition.
JB = 72mA; A V, = 38V; JE = 0.70A; neutralizer keeper hole diameter,
dN =0.157 cm. a) For the fluctuations of the discharge current, //.,
and the discharge voltage, A y / , b) For the fluctuations of the
neutralizer keeper current, JNK, and ion beam current, JB.
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Fig. 8 Relationship between the neutralizer floating potential and
the relative amplitude in decibels as a function of frequency for the
neutralizer keeper current fluctuations.

may result from a beam/power supply interaction as the par-
ticular peak also is evident in the spectra for the beam current
and neutralizer current fluctuations.

The frequency at which the peak occurs in Fig. 7a is so
dominant that its physical origin should be considered.
Calculation reveals that, of the plasma resonances or
oscillations observed in similar plasmas, there at at least three
possibilities.6'8 These possibilities are ion-acoustic resonan-
ces, resonances due to ExB particle drifts, and oscillations
due to effects of anomalous diffusion. Without a more com-
plete knowledge of the plasma it will not be possible to com-
pare quantitatively the observed peak with calculated values.
However, by making some appropriate assumptions on the
values expected for the plasma parameters, at least a
qualitative comparison can be presented.

The ion-acoustic resonance can be calculated by using
v[h= [kTe/Mi] 1/2 for the characteristic velocity where Te is
the electron temperature and A// is the mass of the mercury
ion. A characteristic frequency can be obtained by setting
vth/t where £ is a characteristic length in the discharge. If a Te
of 10 eV and an £ of 3 cm is assumed, then the characteristic
frequency obtained is 73 kHz which is quite close to the ob-

served 78 kHz. However, this was intentionally done by
choice of the Te and lvalues. The only questions that remain
to be resolved are obviously the correctness of the assump-
tions. Certainly, they are reasonable ones.

The ExB particle drift resonance can be calculated
by using vd = 108 E/B for the characteristic velocity where E
is in volts/cm and is assumed to be perpendicular to B given in
gauss. This characteristic frequency also can be obtained by
setting vd/t where £is a characteristic length in the discharge.
If it is assumed that E has a value of 0.1 V/cm, B has a value
of 30 G and £ is 3 cm, then characteristic frequency is obtained
as 110 kHz. It is difficult to justify lowering the value of E or
increasing the value of t to obtain better agreement with the
observed frequency. Consequently, the possibility of
the ExB particle drift resonance being the cause of the
observed peak in Fig. 7a is remote.

A calculation of the plasma resonance resulting from
anomalous diffusion8 will not be attempted because of the
complete lack of the needed plasma parameters such as the
ion temperature and the critical magnetic field at which there
is an onset of the anomalous diffusion. There may be factors
other than those just mentioned which affect the resonance in
the plasma such as geometry and interaction of the thruster
plasma with -the power processor, but these are not considered
here.

In Fig. 7b which gives the spectrum of the neutralizer
keeper current fluctuations, the maximum amplitude occurs
at about 1.65 MHz. There are lesser peaks, not as sharp, at
175 and 800 kHz. Further discussion of the neutralizer spec-
trum will be deferred until additional data on the neutralizer
fluctuations have been presented.

Figure 7b also gives the spectrum of the beam current fluc-
tuations which has broad maximum at the very low frequen-
cies, about 0.8 to 1.0 kHz. Then, as the frequencies increase
above this point, there is a gradual fall-off in amplitude with
several smaller peaks being indicated. There is a peak with an
amplitude of -28 dB at a frequency of 780 kHz. Another
peak that can be identified is the one with an amplitude of
-26.5 dB at a frequency of 1.65 MHz which corresponds to
the maximum of the spectrum of the neutralizer keeper
current fluctuations. This is the result of neutralizer beam in-
teraction. The essential point about the beam current fluc-
tuation spectrum is that it is not dominated by the resonance
of the discharge chamber fluctuations (frequency of 78 kHz)
as was the case for the results of the study on the 30-cm
thruster.2

The spectral distribution of neutralizer keeper current fluc-
tuations is shown in Fig. 8 for three values of neutralizer
floating potential. The spectra are given as relative amplitude
in dB as a function of frequency in Hz. Curve A is the spec-
trum for a "good coupling" of the beam and neutralizer
currents with VK of -8.5 V. Curve B shows an "intermediate
coupling" at. a VK of -18.5 V and curve C for a "poor
coupling" mode with K,, = -39 V. As the coupling of the
beam and neutralizer progresses from "good" to "poor" the
spectrum of the neutralizer keeper current fluctuations
changes. The relative magnitude of the peaks at the various
frequencies are different. For curve A there are smaller and
broad peaks at frequencies of - 9.3 dB at 200 kHz and - 5 dB
at 620 kHz and a maximum at 1.85 MHz. The "poor
coupling" mode shows that the maximum response occurs at
118 kHz. There also are lower magnitude peaks at the first
and second harmonics of the frequency of the maximum
peak. These two frequencies are 238 and 375 kHz, respec-
tively. The spectrum for the "intermediate coupling" mode
shows a set of peaks at the lower and higher frequencies
similar to those just discussed. These peaks are approximately
of the same magnitude.

It is evident from the results of Fig. 8 that the charac-
teristics shapes for the spectra of neutralizer keeper current
fluctuations are a function of how well the neutralizer is
coupling to the beam. The frequencies at which the peaks oc-
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cur in the three curves of Fig. 8 are not expected to be the
same because the neutralizer parameters are not the same. For
example, it is seen that the lowest frequency in curve B is 75
kHz and in curve C it is 118 kHz. However, the peak oc-
curring at a frequency of about 1.65 MHz is the same for the
three curves.

The lower frequencies of curves B and C in Fig. 8 are
characterized as having a fundamental frequency plus at least
a first harmonic. The pressures in the cathode, at the cathode
orifice, and just downstream of the orifice are sufficiently
large to permit the plasma to be considered to be in the con-
tinuum regime. This permits the inclusion of another res-
onance to be considered and this is a nonplasma or acoustic
resonance involving only the neutrals. With assumption that
the neutrals possess a temperature equal to the cathode tip
temperature of 700°C, the characteristic or acoustic velocity is
2.59 x 104 cm/sec. If a characteristic or acoustic velocity is
2.59 x 104 cm/sec. If a characteristic dimension is taken as 2£
where f is the cathode-to-keeper axial gap and is 0.109 cm for
the data of Fig. 8, then a typical acoustic resonance frequency
is 112 kHz. This is a value for the frequency that is at or very
close to that obtained for a considerable number of the spec-
tra measured. In addition, for one test the cathode-to-keeper
gap was changed to 0.175 cm. This ratio of the two gaps is V
(2 = 0.109/0.175 = 0.624. The inverse ratio of the fundamental
lower frequency for the two gaps was measured as /2/
f i = 115/168 = 0.685. Thus, the additional test is a further in-
dication of the possibility that the acoustic resonance is
responsible for the peaks at the lower frequencies of spectrum
of fluctuations of the neutralizer keeper current. What is inex-
plicable at this point is the suppression of this mode at "good
coupling" conditions if in fact the responsible resonance is the
acoustic resonance.

Another possibility responsible for the peaks in the spectra
of Fig. 8 is the ion-acoustic resonance considered earlier in the
case of the discharge chamber fluctuations. The range of elec-
tron temperatures considered for the neutralizer are obtained5

from Ref. 9. Possible values of electron temperature to be
considered here are 0.86 to 2.5 eV. If a Te of 0.86 e.V is con-
sidered first for a characteristic length of 0.109 cm (the
cathode-to-keeper gap), an ion-acoustic frequency of 680 kHz
is obtained. Using a characteristic length of 1.0 cm (diameter
of region between cathode and keeper) yields an ion-acoustic
frequency of 75 kHz. Increasing the Te to 2.5 eV yields
frequencies of 1.01 MHz and 270 kHz, respectively, for
characteristic lengths of 0.109 and 1.00 cm. Thus, it is seen
that the ion-acoustic resonance possibly could account for
most of the peaks in the spectra. For peaks occurring from
1.65 to 1.85 MHz (curve C of Fig. 7b and Fig. 8), the charac-
teristic length would have to be much smaller, such as the
diameter of the cathode orifice of 0.25 cm. Using this assump-
tion and a Te of 0.86 eV does yield a frequency of about 1.6
MHz. However, because the actual value of Te for these par-
ticular data is not known, this matter will not be pursued any
further.

The spectral distribution of the neutralizer keeper current
fluctuations for two values of time-mean neutralizer keeper
current is shown in Fig. 9. Curve A in Fig. 9 is for a JNK of
0.45 A and V8= -9 V at a dN of 0.157 cm and />zN = 7.0mA,
Curve B is the result of changing JNK to 0.3 A and holding the
other neutralizer parameters constant. The resulting change in
V8 is to -26 V. These data in Fig. 9 clearly illustrate with
only one neutralizer parameter changing, how the shape of
the spectra changes significantly in going from a "good
coupling" mode to a less desired mode of neutralizer and
beam coupling as depicted by curves A and B, respectively.

The data for the Vg fluctuations were obtained near the end
of the series of tests. Because of the fundamental character of
the floating potential fluctuations with respect to spacecraft
interface, the preliminary results are given in Fig. 10. This
figure allows a comparison of the spectrum of the neutralizer
floating potential fluctuations with those for the neutralizer
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Fig. 9 Effect of varying the neutralizer keeper current on the
relationship between the neutralizer floating potential and the relative
amplitude in decibels as a function of frequency for the neutralizer
keeper current fluctuations. Neutralizer keeper hole diameter,
d^ = 0.157 cm.
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Fig. 10 Comparison of the relative amplitude as a function of
frequency for the fluctuations of neutralizer keeper current, the ion
beam current, and the neutralizer floating potential. Neutralizer
keeper hole diameter, dN = 0.258 cm.

keeper and beam current fluctuations. Curves A, B, and C in
Fig. 10 give the spectra for the fluctuations of neutralizer
keeper current, beam current, and neutralizer floating poten-
tial, respectively. The neutralizer keeper hole diameter dN of
0.285 cm was the largest tested and represents a "good
coupling" situation with a Vg of - 8.5 V, JNK of 0.45 A and
fnN of 7.0 mA.

The spectrum given by curve A is representative of that
previously presented for a "good coupling" situation with a
maximum amplitude peak occurring at 1.1 MHz. The lesser
peaks in the spectrum occur at 140 kHz, 1.9 and 3.3 MHz.
The spectrum given by curve B for the beam current fluc-
tuations is essentially similar to that given in Fig. 7b. The
spectrum given by curve B has a broad maximum from the
lowest measured frequency (200 Hz) up to about 5.5 kHz with
a fall-off in amplitude as the frequency increases. There is a
lesser peak at frequency of 80 kHz, corresponding to the
discharge chamber resonance. There are still lesser peaks at
frequencies of 1.1 and 1.9 MHz. These lesser peaks
correspond with frequencies of peaks in the spectrum of the
fluctuations of the neutralizer keeper current given by curve
A. The spectrum given by curve C for the neutralizer floating
potential fluctuations exhibits peaks seen in both the spectra
of neutralizer keeper current and beam current fluctuations.
A broad maximum in curve C (Vg fluctuations) is from
the lowest frequency measured (200 Hz) to about 1 kHz.
Again there is a fall-off in amplitude with increasing fre-
quency to about 100 kHz. There are several peaks in this
frequency range one of which occurs at the discharge chamber
resonance. Between 100 kHz and 1 MHz, the spectrum is
nearly flat with a relative amplitude of about - 32 dB. Then,
as the frequency increases, the level of the spectrum increases
such that at peaks which occur at 1.3, 2.0, and 2.8 MHz the
relative amplitudes are - 11, - 5, and -11.5 dB> respectively.
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——— 30-CM DIAMETER THRUSTER
(FIG. 18, REF. 2)

——— 8-CM DIAMETER THRUSTER
NEUTRALIZER KEEPER HOLE
DIAMETER = 0.193 CM,

Table 1 Range of values of the maximum
correlation coefficients Rmax

12.7 CM

.2 .4 .6 .8 1.0 1.2 1.4 1.6
RADIAL PROBE SEPARATION, ^r/rT, DIMENSIONLESS

Fig. 11 Variation of 7?max of the beam fluctuations as a function of
the radial probe separation and comparison with results of Ref. 2 for
the 30-cm thruster.

Correlations of the Fluctuations

To determine the geometric size of the beam that is fluc-
tuating as a whole ("in-phase") cross correlations or space-
time correlations were measured (see Appendix B of Ref. 2).
As indicated in the Ref. 2, the correlation curves were ob-
tained in terms of/?, the correlation coefficient, as a function
of r, the time delay between the fluctuations measured at two
points in the beam. The cross-correlation curves had a
maximum, Rmax, usually near r = 0 which implied that (for the
given probe separation distances and time-resolvability of the
correlation analyzer) the fluctuations did not have measurable
convective velocties.10

Figure 11 gives the variation of /?max of the correlations of
the beam fluctuations as a function of radial probe separation
distance. Also included in the figure are data given in Fig. 18
of Ref. 2 which were taken in the beam of a 30-cm thruster at
a distance from the accelerator grid of 17.8 cm. In the case of
both the data from Ref. 2 and that presented herein, one
probe remained at r-0 and the other probe varied across the
radius. To permit a comparison of the two sets of data, the
radial separation^, is divided by rr, the thruster radius. From
Fig. 11 it is seen that the values of Rmax are quite large (i.e.,
>0.50) throughout the radial extent of the beam. The
variation of /?max with .fr/rr is about the same for both the 8-
and 30-cm thrusters. This signifies that the radial scale of the
fluctuations is as large as the beam diameter. For the 8 cm it
was not possible because of facility limitations to explore the
behavior of Rmax with axial separation of the two probes.
Because of the similarity of the results for the radial probe
separation with Ref. 2, there probably exists a like similarity
of results for the axial probe separation.

As in Ref. 2, the relationship between the discharge current
fluctuations and the beam fluctuations was studied by
measuring the cross correlations between these two fluc-
tuations. Also measured were the cross-correlations of the
neutralizer keeper current fluctuations with the beam fluc-
tuations. In addition the correlation of the fluctuations of the
discharge voltage with the discharge current fluctuations was
obtained. The results of these correlation measurements are
presented in Table 1 which gives the ranges of values of the
maximum correlation coefficients Rmax for the correlations of
Ai;/ fluctuations and jE fluctuations. The Rmax values vary
from 0.72 to 0.78, which is essentially no variation over the
series of tests since the time-mean discharge chamber
parameters were held constant. The rather high value of Rmax
indicates that the fluctuations in current and voltage are a
consequence of the same physical phenomena. However, it
should be understood that this particular cross correlation is
not only sensitive to the nature of the discharge chamber fluc-
tuations themselves, but could also be sensitive to the nature
of impedance of the power supplies as viewed from the
thruster. Thus, altering power supply characteristics or their
output impedance could produce different results from those
in the table.

For correlations
of Ay,(0 andy£(/)

For correlations For correlations
ofy£(f) andjB(t)

0.72
to

0.78

0.09
to

0.18

0.08
to

0.23

The second column in Table 1 gives the range of values of
Rma\ f°r tne correlations of the neutralizer keeper current
fluctuations jNK (t) with the beam fluctuations jB(t). The Rmax
values vary from 0.09 to 0.18 which is essentially similar to
the range of values obtained in Ref. 2 for the 30-cm thruster.
This result is not unexpected. In both Ref. 2, and here, the
spectra of the beam and neutralizer keeper fluctuations are
not similar (refer to Fig. 7b) or Figs. lOa and lOb of this
paper). The lack of similarity of the spectra always results in
small cross-correlation coefficients by definition of the cross
correlation of two fluctuations.

The third column in Table 1 gives the range of values of
Rmax f°r the correlation of the discharge current fluctuations
jE(f) with the fluctuations of the beam current jB(t). The Rmax
values vary from 0.08 to 0.23 which is much lower than the
results obtained for the 30-cm thruster presented in Ref. 2.
There the Rma\ f°r tne correlations of jE(f) andjB(t) varied
from 0.7 to 0.9. Again referring to the spectra of the fluc-
tuations yields the explanation for this difference in the values
°f Rmax. In Ref. 2, the spectra for the discharge current and
beam fluctuations were nearly similar and hence the large
values of Rmax are entirely reasonable for the results of Ref. 2.
In the present work, spectra of the discharge current fluc-
tuations and beam current fluctuations are not similar as can
be seen by referring to Figs. 7a and 7b. The maximum am-
plitudes of the spectra occur at 78 and 0.9 kHz, respectively,
for the discharge current and beam current fluctuations.

Concluding Remarks
An experimental investigation of the fluctuations or time-

varying properties of an 8-cm electron-bombardment thruster
with a laboratory power supply console has been performed.
The steady-state parameters of the thruster that were kept
constant were beam current JB = 12 mA, discharge voltage
A V, = 38.0 V, and discharge current JE = 0.70 A. Included in
the study was a variation of the neutralizer parameters to ob-
serve the effect on the time-varying aspects of the coupling of
the neutralizer with the beam. The results include the
following:

1) Varying the neutralizer parameters including keeper hole
diameter resulted in a wide variation of the ratio of the rms
magnitude of the fluctuations to the time-mean of the beam
current from 0.02 to 0.67.

2) For situations of good or optimum coupling of the
neutralizer to the beam, - Vg being 12 V or less, the ratio of
the rms magnitude of the fluctuations to the time-mean of the
beam current was 0.07 or less.

3) A relationship was found between the steady-state (time-
mean) and the time-varying coupling of the neutralizer with
the beam.

4) The ratio of the rms magnitude of the fluctuations to the
time-mean neutralizer keeper current was found to depend
strongly on the neutralizer parameters of the neutralizer
keeper current JNK the flow rate mN and the keeper hole
diameter dN.

5) Maxima of the spectra for the fluctuations in discharge
current and voltage occurred at about 78 kHz and possibly
could be the result of the presence of ion-acoustic waves in the
discharge plasma or other plasma resonances.
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6) The maxima of the spectra of the beam current fluc-
tuations did not depend on the discharge plasma fluctuations.
This fact along with the cross-correlation results indicates that
the discharge current fluctuations did not contribute directly
to the beam current fluctuations.

7) The cross correlations of the beam fluctuations indicate
ithat the radial scale of the fluctuations is as large as the beam
diameter.

8) The rms magnitudes, spectral, and cross-correlation
results of the neutralizer keeper current fluctuations indicate
that the neutralizer contributions to the beam fluctuations
could be small (for good neutralizer-to-beam coupling) but
not negligible and appear mostly in the higher frequency
range measured.
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