
JULY 1970 ENGINEERING NOTES 889

It is seen from Eq. (45) that the optimal search density is mov-
ing with the probability cloud. At time t the search density
is equal to p0p0 throughout ellipsoid

where xe(t) = zc(0)(l + c^)2/3 and o-2t = <ri(l + aiO~1/8«
Our result is related to one of the examples by Arkin,4 although
in our case the target is moving.
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RFI Measurements on a LES-7
Prototype Pulsed Plasma Thruster

R. E. DOLBEC*
Massachusetts Institute of Technology,
Lincoln Laboratory, Lexington, Mass.

IN recent years electric propulsion technology has been suc-
cessfully used in space application. Pulsed plasma thrus-

ters (PPT) were flown on the LES-6 satellite to provide thrust
for station-keeping and station-changing functions. A
thruster with ten times as much power is being developed for
LES-7. These units are manufactured by the Republic
Division of Fairchild-Hiller Corporation for Lincoln Labora-
tory. Possible interference with the communication system
is a matter of concern. The operation of PPT's is inherently
"noisy" and radio frequency interference (RFI) effects on the
communication system are now well-known. Although ob-
servations indicate that RFI did not significantly affect sys-
tem performance of LES-6, there is greater concern over RFI
emitted from the more powerful units. This Note gives the
result of RFI measurements made at X-band on a LES-7
prototype thruster.

Measurement of RFI
The LES-7 prototype used in these measurements was de-

veloped for the Wright-Patterson Air Force Base, Aero Pro-
pulsion Laboratory. The unit was measured as received
without a metal case to suppress RFI. It was mounted in a
4-ft-diam vacuum chamber that was lined with broadband
absorber material (Fig. 1). Thus, the measurements are
relatively free from chamber resonances or other extraneous
signals.

The PPT was operated under normal operating conditions
firing once very 1.5 sec and was measured as though it were a
transmitter emitting a pulse of noise at some time set by the
trigger.

Basically the thruster consists of a 20-joule storage capacitor
shunted across the upper and lower electrodes (the cathode

Fig. 1 Thruster in chamber.

and anode) of the output nozzle. Behind this nozzle is a
teflon fuel bar 5 in. long and 1 in. X 1 in. in cross section.
Just in front of each fuel bar and located in the upper elec-
trode is a spark plug which is used to initiate the high-voltage
discharge of the capacitor. Within 3 jusec the main capacitor
discharges all of its energy, ionizing teflon particles and
accelerating the ionized particles through the nozzle to pro-
vide thrust. After recharge, a pulse reinitiates the process
and it is repeated at a regular pulse frequency.

Initially, a low noise receiver was used with a Hewlett-
Packard spectrum analyzer. These measurements, at UHF
and at X band, did not provide reliable data for a number of
reasons. There was no way to synchronize the PPT firing
with a spectral display, and the noise was so broad that com-
ponents could be isolated almost anywhere from 100 MHz to
10 GHz. Attempts to measure the individual pulses consti-
tuting the RFI also failed, because of instrument limitations.
However, it appeared that most of the RFI was associated
with the main capacitor discharge, because both occurred 2.0
jusec after the triggering process; on the other hand, it was
not contained in the ensuing plasma cloud, because its dura-
tion was ~l jusec, whereas the luminescence of the plasma
cloud persists for 15 to 20 jusec. The level of the RFI changes
5 to 10 db with successive discharges, in random fashion; this
phenomenon may or may not indicate that the thrust of the
PPT varies with successive discharges. The measurement
block diagram that was finally used to measure the charac-
teristics of the RFI is shown in Fig. 2.

Figure 2 shows the X-band horn, a 100-MHz bandwidth
filter centered at 8 GHz and an X-band detector with 100-
MHz video bandwidth. The scope display was triggered by
the PPT trigger pulse. The noise pulses were recorded to be
of 1.0-/isec duration with a peak power of +4.5 dbm at the
PPT. The noise from the thruster is directional; it emanates
from the throat in a cardioidal pattern in the horizontal plane.
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This measurement was obtained, only in the horizontal plane,
by rotating the thruster in 10° increments.

Results and Conclusions
As can be seen in Fig. 3, the peak noise power occurred at

±25° from boresight and was minimal (limited by the 10 db
dynamic range of the measurement) at ±90° from boresight.
The noise is not polarized; no change in level was observed
when rotating the horn on its own axis. The photos in Fig. 3
were obtained by opening the camera lens and allowing 15
firings for each picture. The calibration in these photos is
0.0 dbm = 1 div (5 mv), + 3.0 dbm = 2 div, + 4.2 dbm =
3 div.

These measurements, made in a narrow band of interest at
X band, provide data that can be used in the initial design of
the LES-7 communication system. These data indicate the
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noise relative to the thruster; they do not allow for satellite
antenna gain characteristics or the coupling of the noise with
these antennae. Thus, future measurements will have to be
made on the actual satellite antennae models and systems
when they become available.
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Nomenclature

At = interior surface area of cylinder
Ai(T) = functional relation of temperature dependent den-

sity coefficients
A t = cross-sectional area of nozzle throat
a = speed of sound
(Hj = subscripted virial coefficients
Ck = coefficients in the cp,Q series of Appendix
cp = specific heat at constant pressure
Cp)Q = perfect-gas specific heat at constant pressure
Di,Dt = inside diameter and throat diameter of cylinder
f i ( P , T ) = functions of Z = Z(P,T), Appendix, i = 1,2,. . . ,d
Gr = Grashof number, A-V00A7YM2

g = acceleration of gravity
9i(TzyTi) = specific heat functions, Appendix, i = 1,2,3
h = specific enthalpy
hi = heat-transfer coefficient at interior of cylinder
k0 = thermal conductivity of flask gas
Mt = Mach number evaluated at nozzle throat
M t , j = jih estimate of Mt (j = I,H,. - . )
ra,w0 = mass and mass flow rate of cylinder gas
mw = mass of cylinder wall
PO; = initial pressure of cylinder gas
Pr — Prandtl number, cpfj,/k
q{ = heat-transfer rate at interior of cylinder
ft — gas constant
R(pt) = residual in iteration for ptt Eq. (9)
s = specific entropy
Toi = initial temperature of cylinder gas
Tt.j = jth estimate of Tt (j = I,H,. . . )
Uo,uo = total and specific flask gas internal energies
Vtv = volume and specific volume
w = velocity
Z = compressibility factor
00 = volumetric expansion coefficient of cylinder gas
7 = ratio of specific heats
e = tolerance used for successive approximations
0,0C = time, and critical time required for Pt to reach P&
no = dynamic viscosity of cylinder gas
p = density
Pt.ijpt.j = first and jth estimations of pt
(~) = arithmetic average of ( ) over one time interval

Fig. 3 Measured RFI for various angles a between thruster
discharge axis and X-band antenna.

Received November 7, 1969; revision received March 9,
1970.

* Mechanical Engineer.
f Professor.


