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Subject: MOnthly Progress Report No. 1, Project A-873 
Covering the Period from June 30 to July 31, 

Gentlemen: 

The majority of the first reporting period has been devoted to: (1) 
obtaining and reviewing reports of prior studies of plasma media, (2) the 
development of measurement techniques suitable to the study of a plasma's 
electrical nonlinearities, (3) the acquisition of suitable plasma sources, 
and (4) the construction of a coaxial line RF-to-plasma coupler. The current 
plan of attack calls for in-line or in-guide measurements to determine the · 
type of mixing (resistive or parametric), the magnitude of the products of 
intermodulation, and the power absorption characteristics for plasmas under 
near ideal conditions of control. A knowledge o.f these factors is essential 
in obtaining quantitative data through radiated measurements on hot plasmas 
and rocket exhaust flames. 

The coaxial coupler consists of a 60 inch section of brass pipe, 2 1/2 
inches in diameter, in which a fluorescent lamp configuration is coaxially 
mounted by two coax-taper end units. The end units slide on finger stock to 
accomodate various length tubes. They provide for power connections to sus­
tain the plasma and for RF connection to the plasma through taper-matched 
N-type connectors. The line is presently completed but has not yet undergone 
testing to determine its functional characteristics. 

During the next reporting period, the coaxial plasma coupler will be 
tested and, if its operation is satisfactory, measurements on electrically 
sustained argon plasmas will be conducted. In addition to these tests, 
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vaveguide-to-plasma couplers ~vill be designed and built for tests at 
X-band. The vaveguide couplers vill be tested for satisfactory per­
formance and measurements will be initiated on electrically sustained 
argon :plasmas. 

The lit er ature r ev iewed included works by the authors: E. A. Desloge, 
Florida State University, 1964; S. Weisbrod, Pennsylvania State Universit y , 
1964; and 0. E. H. Rydbeck, Pennsylvania State University, 1963. Desloge 
and ~Jeisbrod were concerned with cross-modulation caused by the localized 
heating of the free electrons by a disturbing wave or high power. Tne heat­
ing changes the attenuation to a low amplitude wave and thus transfers any 
amplitude modulation on the high powered wave to the smaller amplitude wave. 
This effect occurs when the relaxation tim.e· .j s much __ greater than . the· carrier 
period but faster or of the same magnatude as the modulation period. The 
parameters normally associated with the degree of interaction are: electron 
density and collision frequency profiles, average kinetic energy of electrons, 
and a non-dimensional factor which is the fractional loss per collision of 
excess energy imparted to the electron by the disturbing signal. This type 
of interaction would not apply to intermodulation in general since the carrier 
periods are normally much faster than the relaxation rate. 

Rydbeck approaches the phenomena of intermodulation from a parametric 
point of view in which the primary high powered signal is considered a 11 pump 11 

and sum and difference frequencies are generated when a probing signal of small 
amplitude is propagated into the plasma medium. He demonstrates that the various 
product frequencies will be propagated out of the plasma at angles porportional 
to their frequency. In certain cases where the 11pump 11 is a harmonic of the 
probing signal, degenerate parametric amplification occurs for the latter and 
is propagated back along the direction of incidence of the probing signal. 
This type of interaction is also a function of the electron density and 
velocity. Intermodulation over the entire frequency spectrum is possible 
through this type of interaction phenomena. 

It might be noted that these studies are mostly theoretical with the ex­
ception of certain ionospheric measurements reported by Weisbrod. Trey apply 
generally to a three-component gas or plasma as related by the Boltzman 
transport equation and other associated relationships. The theories are not 
dependent on the manner in which the plasma is generated, although the absorp­
tion spectra and gyro-frequencies for the plasma may be influenced by the gen­
eration technique. 

A report by F. R. Holmstrum of Stanford University, 1964 considers the 
theoretical impedance of an ideal plasma to radio frequencies. The 
impedance generally follows a spiral locus with changing frequency in the 
imaginary-real impedance plane. Conditions for stability and 4he impedance 
relationship to gyro-frequency are presented. 
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Tne erratic behavior of the intrinsic impedance of the plasma diode 
renders broadband matching ·rather difficult. If these effects are true in 
the case of the plasma in general, matching must be foregone and a method 
employed which will measure the absorbed power. This is most easily accomp­
lished in a closed system such as used with in-coax or in-waveguide measure­
ment tech:niq_ues. 

The closed systems to be employed in the current s·tudy Will ut i lize 
fluorescent lamps as a convenient source of argon plasma. This is not meant 
to imply that fluorescent lamps are the object of this study. Tney are only 
the mediwn through -vrhich techniq_ues will be developed for use in radiated 
measurements on actual oxy-hydrogen flame plasmas. It is known from prior 
measurement that argon plasma will produce intermodulation effects in 
sufficient q_uantity to obtain useful data. 

Mr. R. W. Blanchard visited Georgia Tech, 22-23 July 1965, to discuss 
the progress and proposed avenues of approach in this propagation study. 

·- ·- - -.. 

R. D. Trammell, Jr. I 
Project Director 
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Reference: Contract No. NASl0-2639 

Title: "A Study of Certain Propagation Anomalies in Radio 
Frequency Signals" 

Subject: Monthly Progress Report No. 2, Project A-873 
Covering the Period from August 1 to August 31, 

Gentlemen: 

l9i:2 

The second reporting period has been devoted to the testing of 
RF-to-plasma couplers, both coaxial and waveguide, and to the collection 
of data on the coaxial coupler described in Monthly Progress Report 
No. 1. The measurements made during the period were exploratory in 
nature to determine 1) the available bandwidth, 2) the effects of 
warmup and aging on data repeatability, 3) the parameters which must be 
controlled and 4) the degree to which intermodulation is obtained. The 
measured data include the voltage standing wave ratio (VSWR) for all 
ports coupled to the plasma, the insertion loss through the plasma 
between any two ports, and the power levels of both the sum and the 
difference frequency products generated within the plasma as measured 
at the various output ports. It is believed that such data will 
establish the nonlinear generating properties of any plasma on which 
the measurements can be made even though certain anomalies which were 
encountered during first attempts at data reduction are not yet resolved. 

Exploratory tests of intermodulation indicated the need for a 
relatively large isolation between the two signal generators in that the 
plasma's intermodulation products were rather small and generator inter­
modulation could have obscured the plasma-formed products. A two-isolated­
port, four-terminal-hybrid was constructed such that the generators are 
isolated by 20 to 30 db with a nominal 6 db insertion loss to each of the 
other two ports. The insertion loss between the latter two ports is a 

R E V I ~ V .... } . 
(J ~ f b~ ~ PATENT .... /· ............... 19 ......... BY_ ........ .. ... .. .... . 

FORMAT .. ./11..::!.. ..... 19.£[ BY ...• 1!?:. .. .. 



Monthly Progress Report No. 2 
Contract No. NASl0-2639 

-2- September 1, 1965 

nominal 6 db and provides a measurement port at the driven end of the 
plasma coupler. The hybrid performs over the band from 10 Me to 1000 Me. 

Test Configurations: Waveguide sections and appropriate flanges 
have been acquired for tests to be conducted at X-band. These will be 
used to couple RF to both flame and electrically sustained plasmas. One 
section has been drilled to receive an eight-watt argon-plasma lamp at 
an angle of some 30 degrees. The lamp can be replaced by a section of 
Vicar tubing for flame-plasma tests. A standard propane torch was pur­
chased to produce a fairly hot flame which can be funneled through the 
Vicar tubing into the waveguide-to-plasma coupler. This same technique 
can be used in coaxial type couplers. Consideration is also being given 
to the use of a standard acetylene torch as a source of flame plasma for 
testing purposes. A more extensive use of oxy-hydrogen flames than was 
originally planned is presently envisioned. 

X-Band Tests: An X-band noise source which utilizes a DC-sustained 
argon-plasma tube, No. 6357, was examined as a possible source of plasma 
nonlinearity. The first test was directed toward coupling a UHF signal 
into the anode of the tube via a specially designed filter in an attempt 
to modulate the ionized plasma column passing through the waveguide. 
Testing of this setup failed to reveal any product generation between the 
UHF and microwave signals. 

Two X-band signals were then fed into the section containing the 
plasma tube via a directional coupler. Limitations in the bandwidth of 
the test equipment prevent the measurement of second-order products for 
two X-band input frequencies; however, third-order products can be made 
to lie within the X-band region. No third-order products were detected. 

The VSWR at the input to the section containing the plasma tube was 
measured and found not to exceed a value of 1.12:1 over the entire band. 
Insertion loss at X-band for the section with the tube ionized exceeded 
20 db. Obviously, power is being absorbed by the plasma column; however, 
any products formed evidently undergo absorption to the degree that they 
lie below the minimum detection level for the test equipment (NF-112). 

A radiated test was conducted on an open-flame placed in the path 
between two X-band horns~ A dipole antenna oriented near the flame pro­
vided the UHF mixing signalo Again, no intermodulation terms were 
detected at the receiving horn. The result is not surprising as it is 
doubtful that much signal power was coupled to the flame by the UHF 
dipoleo 

A fourth test was conducted utilizing an eight-watt fluorescent tube 
passed diagonally through a section of X-band guide. The insertion loss 
of the section measured between 8.2 Gc and 10 Gc was observed to -be 
around 10 db with the tube ionized. A UHF signal was applied to a loop 
coupler around the tube protruding from the guide section but no evidence 
of the UHF signal was apparent at the output of the waveguide sectiono 
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The totally negative results of these tests are not conclusive in that 
the power level of the UHF signal reaching the mixing region of the 
plasma column is not known. Future tests and coupling techniques will 
attempt to measure this quantity. 

VHF/UHF Tests: The VSWR measurements obtained on the coaxial plasma 
coupler between 10 Me and 2.4 Gc indicate a useable bandwidth from 10 Me 
to 500 Me, and from 900 Me to 2.4 Gc. An apparent line resonance at 
700 Me prevents utilization of the frequency range from 500 to 900 Me. 
Insertion loss far the 47 inch plasma column varies from around 12 db at 
10 Me to over 135 db at 1800 Me, above which no data could be obtained. 
The loss is on the order of 40 db at 900 Me, rising sharply thereafter. 
Both second and third-order intermodulation were measured in the band 
from 10 Me to 500 Me with +13 dbm input power from each generator. Second­
order products were down some 53 db or more below the input levels while 
third-order products fell some 78 db below the input levels. These 
measurements were made through the 6 db hybrid at a common end of the 
coaxial coupler. 

The loss sustained by generated products in escaping the plasma 
medium appear to be in proportion to their frequency by the same ratio 
as the frequency dependent insertion loss obtained when signals are 
passed through the plasma tubee This is based on equal power being 
generated at both the sum and the difference frequency of a given product 
of intermodulation as formed within the plasma. At present, the data are 
insufficient to establish the presence of parametric mixing forms, but 
the evidence indicates they are either very weak or nonexistent. In no 
case thusfar examined has the measured power level of the sum frequency 
exceeded that of the difference frequency for a common product of inter­
modulation. In view of the apparent attenuation of generated products, 
it seems unlikely that any measurements can be performed above 900 Me using 
the 47 inch tube in the coaxial coupler. This may be an insight into the 
apparent lack of product generation at X-band frequencies, providing that 
the attenuation continues the steep ascent indicated by the data obtained 
with the coaxial coupler. 

It has been noted that the current sustaining the argon arc varies 
with operating time (temperature most likely) and must be controlled for 
repeatable results. In general, increased current causes decreased 
attenuation and decreased intermodulation for the coaxial configuration. 
No comprehensive data have been assembled to verify and establish the 
range of these phenomena. Also noted is the fact .that more intermodulation 
is obtained when the generators and receiver are connected to the negative 
end of a De-excited fluorescent configuration than when connected to the 
positive end of the same configuration. The levels are larger than those 
obtained at either end of an AC-excited tube, possibly because either end 
of an AC-excited tube is negative only half of the time. A rarefaction 
of ion-recombination is evident at the negative end of the De-sustained 
arc which possibly produces a region of higher nonlinear activity. 
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Future Effort: During the next reporting period, tests will 
continue on the coaxial coupler using argon plasma sustained by both 
AC and DC currents. Fluorescent tubes of the same diameter but shorter 
length than the presently used variety will be acquired for use in the 
coaxial line to determine the effect on attenuation to injected and 
internally generated signals. Tests will be devised to determine the 
loss sustained by frequencies above 1800 Me in traversing an argon­
plasma tube. Additional tests at X-band will be conducted at higher 
input power levels in an effort to obtain positive results of inter­
modulation. Loop and probe couplers will be utilized in the microwave 
effort. 

D. W. Robertson, Head 
Corr®unications Branch 

R. D. Trammell, Jr~ 

Project Director 
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Subject: Monthly Progress Report No. 3, Project A-873 
Covering the Period from September l to September 30, 1965 

Gentlemen: 

During the third reporting per~od, ~he primary effort has been channeled 
toward developing a means for coupling RF s ignal s to an extremely hot plasrna 
source. Radiated techniques are difficult because the plasma absorption­
frequency characteristics prevent the use of frequency scaling techniques 
which correspond to the physically small flame-plasmas available for test­
ing. The plasma colUlilll t emperatures range between 7,000 and 30,000 degrees 
Kelvin and any materials inserted within the column would be severely 
damaged. Loop and helix couplers show promise in this regard since the 
plasma collliTill need not touch the coupler and the loop or helix can be 
liquid cooled if necessary. 

Internwdulat ion Measurements: 

Intermodulation occurring in the receivers used to observe the mix 
products was found to have substantially aifected the intermodulation 
measurements reported in Monthly Progress Report No. 2. The use of a 
notch filter in the signal path to the NFIM' s eliminated the problem. Ne-v-r 
intermodulation data for the plasma coaxial line show only one case where the 
sum product exceeded t he difference product for a given mix. Thi s was 
only by one db, where for purely paramet r i c mixing the r ati o should have 
been 3·-7 db . Of course t he los ses sust a i ned by the s·gnals i n escapi ng the 
plasma media have a lar ge influence on the re sults of such tests. Thu s 
far, no technique has been devised to conclusively determine the relative 
losses sustained by signals of different frequencies in escaping the plasma 
media. Insertion loss data have not provided consistent results when 

_. ne. 
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correlated with the escape losses sustained by frequencies of a common mix. 
These results could indicate a combination of both resistive and parametric 
mixing. 

A double hybrid network is being fabricated to provide isolation 
between all items of test equipment and to eliminate the need for the 
notch filters. This unit is designed to operate from 10 Me to 1000 Me and to 
provide 6 db of coupling loss between the plasma-coupler and either generator 
or NFIM. The time required for measurement will be considerably reduced 
with the application of this hybrid unit. 

Coupler Development: 

In Monthly Progress Report No. 2, consistently negative results were 
reported on a number of tests which were conducted in the area of inter­
·ference generation by plasmas at X-band. A review of the situation indicated 
that a more intensive study of coupling techniques and devices should be 
undertaken before proceeding further. 

The dimensions of the laboratory plasma columns are several thousand 
Debye lengths but are small relative to the lower frequency wavelengths of 
interest in this study. Frequency characteristics of the laboratory plasmas 
are similar to those of a rocket exhaust, varying from a plasma frequency 
(the frequency below which the plasma is conductive) of some 100 Me to 10 
Gc or so depending on the type of generating technique. For mixing to occur, 
power must be absorbed at both test frequencies. Consequently, couplers must 
be devised to create good power-transfer characteristics over a large band­
width. 

One of the suspected reasons for the failure to achieve mixing between 
an X-band signal and a signal in the HF region was ineffective coupling 
to the electrically-sustained plasma. studies into possible coupling 
techniques have proceeded this month. Two multi-turn loop couplers were 
constructed around an eight-watt argon plasma tube. The change in coupling 
between the loops due to the tube being in the "oN" state as opposed to 
the "OFF" state was measured as a function of frequency and spacing between 
loops. The coupling change was measured from 900 Me to 4000 Me at three 
different spacings. The generalized behavior followed roughly the same 
pattern at each separation. In some frequency regions a decrease in 
coupling (8 to 10 db) occurred while in other regions an increase of similar 
magnitude was observed. The decrease in coupling occurred around 1100, 1800, 
and 3500 Me while the more prominent increases were noted at 16o0 and 1900 
Me. The coupling change as a function of spacing between loops was measured 
at selected frequencies. At llOO ·and 1800 Me (regions of maximum increase), 
the change was not significant. Nor was there much variation at 1500 Me, 
a frequency where little effect (1 to 2 db) was caused by ionizing the tube. 
At 1000 and 2000 Me the variation as a function of spacing was in the 
neighborhood of lO · db. 
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Another type of coupler which is being evaluated consists of a 
helical coil wrapped around the argon plasma tube. The tube and coil were 
placed inside a 2-1/2 inch copper pipe. Both ends of the coil were brought 
out through a Type "N" panel jack. The insertion loss as a function of 
frequency has been measured with coils of 10, 20, and 30 turns. The behavior 
is rather erratic above 2500 Me. Insertion loss in the neighborhood of 
10 db was measured between 500 and 2000 Me. 

The impedance into one end of the helix was measured with the other 
end terminated in 50 ohms. The VSWR for the 10-turn coil oscillates about 
2.5:1 from 900 to 2000 Me. The 20-turn coil reached a lower VSWR but 
exhibited a reduced bandwidth characteristic. The actual impedance of the 
20-turn coil was measured and was found to be less than 50 ohms in the fre­
quency range where the best match was obtained. The 30-turn coil was 
constructed in an attempt to raise the impedance closer to 50 ohms. No 
significant improvement in match was obtained. The impedance of the 30-

turn coil was found to vary from 95.7/55° ohms at 450 Me to 49.4/62.2° ohms 

at 1000 Me to 29.2/12.9° ohms at 1800 Me. The VSWR at selected frequencies 
for open and short circuit terminations were compared to that for a 50 ohm 
termination. TYPically the short circuit termination resulted in the lowest 
VSWR of the three. 

Techniques for coupling into weakly ionized media such as that pro­
duced by a propane torch are being investigated. A device consisting of 
1-1/4 inch copper tubing with electric field probes extending into the 
center was constructed to enable a signal to be coupled in and out of a 
flame column. The coupling between the two probes was measured from 1 Me 
to 1000 Me. From 400 Me to 1000 Me, the attenuation characteristic was 
typically that for a waveguide below cutoff. Below 4oo Me, the attenuation 
exhibited a 6 db/octave decrease with frequency. 

A flame column was directed up the axis of the tube so that both probes 
penetrated well into the flame. The propane flame alone caused little 
variation in the coupling between the loops. Rock salt (NaCl) was placed 
in the nozzle of the torch in such a position that it was ionized by the 
flame. The fuel was adjusted so that an even, medium yellow flame resulted. 
When the probes were coupled with this more highly ionized flame, the 
coupling was raised at frequencies below 100 Me. The coupling between the 
probes increased 40 db at 1 Me in the presence of the sodium flame; the 
increase was 20 db at 10 Me with very little change noted above 100 Me. 
The coupling exhibited as much as 10 db variation with normal flame fluxua­
tions. Least attenuation occurs when the largest number of sodium ions are 
being released. The figures quoted for 1 and 10 Me are the minimum changes 
that occurred at those frequencies upon application of the flame. 
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The effect of a high powered signal on the nonlinear properties of ion­
ized media is of considerable interest. Efforts are underway to use 
a 100-watt, 10 to 15 Me amplifier to couple large signals to flames, 
plasma tubes, and, later, to an oxygen-hydrogen rocket engine. A coupling 
network has been constructed to match the output impedance (50 ohms) of 
the amplifier to a multi-turn loop antenna. The field developed by this 
antenna should be as strong as any that might actually be encountered in the 
vicinity of a rocket exhaust and should accent any interference generation 
that might occur as the result of high power dissipation in an ionized 
media. 

Future Effort: 

The development and testing of various coupler configurations will 
continue during the next reporting period. Additional intermodulation 
data will be accumulated for the coaxial plasma line to provide better insight 
into the loss phenomena encountered by signals escaping the plasma media. 
Much of the data previously collected will be reduced such that power 
absorption and intermodulation rejection may be determined for electrically 
sustained argon plasma. 

D. W. Robertson, Head 
Communications Branch 

R. D. Trammell, Jr. 
Project Director 
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Reference: Contract No. NASl0-2639 

Title: "A Study of Certain Propagation Anomalies in Radio Frequency 
Signals'' 

Subject: Monthly Progress Report No. 4, Project A-873 
Covering the Period from October l to October 31, 1965. 

Gent lemen : 

Effort during the fourth reporting period has been directed to the 
development a nd evaluation of coupling techniques. Continued effort 
was devoted to the construction of 3-db hybrids to m1n1m1 ze receiver 
a nd generator intermodu.lation. Various configurations of coaxial, helical 
couplers were evaluated. 

Attempts to construct a 3-db, double -hybrid coupler for the frequency 
range from 10 Me t o 1000 Me were largely unsuccessful. Resistive 6-db 
hybrids operated well in the double conf· uration, but the total loss 
through the two units was excessive f r t he required measurements. Three 
different 3-db hybrid connections were a t tempted using t wi sted-pair 
transmission-line windings on ferrite to roids. · All three of these failed 
to exhibit suffic ient isolation to prevent generator intermodulation. 
Smaller ferrite cores might have improved the operation of these units, 
but sufficient time for development and parts acq~isition was not available. 

Two . Anzac model Hl hybrid couplers were purchased .to facilitate inter­
modulation measurements in the frequency range from 5 Me to 1000 Me. The 
performance of these units according to specifications has been verified; 
t hey should minimize the problems of generator and receiver intermodulation 
over their specified range of operation. 

D.ita obtai ned on 17-inch and 47-inch col J.111ns of glow-discharge plasma, 
conf' ined within a coaxial coupler, j_ndicate t hat most of the absorption and 
intermodulat ion activity c~cur in ·he d rk regi ns (Faraday region, etc.) 
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A coa i· _ _l r c wnven •Jf the dt · i~ul t ies of l p a n tennas. 
An argon plasr · 1be via<:" : n orp ted i to a ...: oaxi l _onf =Lguration by 
!nounting i t .:. n a ;2 - 1/2 in h cop p - . Th~· r e slit s of s ome of he tes-ts 
made on an 8-wat t f uoresc nt lamp wer . rie f y d i sc :1ssed in Monthly Pro-
gress Report ~ . 3. F ·t er t e ~T s e L~ ine if the 
attenuat i o n easured -+ h roug he h li al _oup ler vla s due t o absorpt:.ion 
by the plasma. . In adcl i ti n t o a t. .., _.r-r·t .i n ~he atten:Jati n uld have een 
caused l:y impedan0e ~i smatch at the · np·1 a nd L. P' of t _ e ~..: onpler. 

Another possibility a . that e nergy "WaP l _· ug rad·ate d o t b e ends of the 
c axial se~tion. TJp o 2000 Me_. e mi s t c at o h ends of' the coil -vms 
not sufficien to c~o · nt f or mo re t a 1 : -db o f attenlati n that was 
measured. To chec k t e possi i l:i t y o.~. -::' f- jiation from the ends of' the system, 
the VSWR at on input o the co tpler \..' .. ~neasured with the ends of t h e m.;.ter 
conductor e ·l sed w·i b copper o · l cc a nd c mpared with that obtained 
with the ends open. I significant d~ fi~r~ n e s we re noted below 2400 Me. 
Above 2400 Me, the diff'e ences _an be E.. .- ributed to the propagation of 
circular wavegu i e modes. I n v·· ew f . he~:e results, the attenuation measured 
below 2000 · is attrib ted to a sorptio by t he plasma. 

Another ccmxial coupler confi.gurat i n was constructed to accomodate 
a larger plasma tube. A 15-wa t fluort.scent lamp was positioned in the 
center of a 2- 1/~: inch copper pipe. The pipe was made long enough to allow 
each end of the lamp to be no loser than one foot from either end. Four 
t;y-pe N panel jacks w·ere mounted on the outer 'i.\'all to provide access every 
10 em along tlL lamp. The diffe ren ac-~ess points al1o1~7 measurements to 
be made :in different r g ions of the pla sma cclumn. 
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Effort d ring -hf..=: ne xt pe~·· r,l _ 1 1.::1 r::: intcrmodulaticn and harmo!1ie 
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for VSWR 3.nd in .: ert :~o~ loss. A f u·thc · r· _duct i - n of existing data will -be 
accompli s :1ed f o · use wi !1 the more r P .. f'n i ly a ::: ::JU · ed intermodula tion data. 

D. H. Robert s, ) 1 Bead 
Cormnunicat ious Branch 
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Gentlemen: 

During this reporting period, a helical coupler has been fashioned 
and tested for use w·i th an oxygen-hydrogen rocket exhuast. Significant 
harmonic and intermodulation products have been measured w·i th helical 
couplers on glow-discharge plasmas of argon. It has been made reasonably 
apparent that harmonic and intermodulation product rejection is a function 
of total input power contained in the incident waves producing the product , 
though the range of significant power levels is presently unknown. 

Glow-Discharge Tests: 

-~z 

Intermodulation and harmonic products were measured for a glow- di scharge 
plasma of argon using the logarithmic helix coupler described in Mon0hly 
Progress Report Nwnber 4. In all cases tested, the incident frequencies 
were admitted at port number l. Excitation of the glow-discharge was 
accomplished with a constant current of 300 milliamperes, both AC and DC. 
No significant change in product generation was noted between the var i ous 
modes of excitation which include reversing the flow· of the direct current . 
Second harmonic rejection versus fundamental frequency is show·n in Figure l 
for three modes of excitation with an input level of +12 dbm. 

The levels of several products were measured at both the number l and 
number 3 ports of the helical coupler. A larger product level was fo und t o 
exist at port number 3 for the cases tested. Consequently, the major ity 
of data were obtained at port number 3. The apparent directivity may be a 
£'unction of the type of coupler used rather than a property of the plasma 
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medium itself. In the case of the coaxial coupler, the larger values of 
product level were obtained at the same port as was used to admit the 
incident frequencies. This result is in direct opposition to that noted 
for the helical coupler and indicates that the directivity of the product s 
may be a function of polarization and/or incidence angle of the f undament al 
waves. Further testing is necessary to determine that such activity i s a 
valid property of the plasma media. 

The level of an intermodulation product generated within a plasma 
appears to be dependent on the total power level of the incident wave s 
producing the product. The behavior appears to follow that of a common 
diode mixer if coupling difficulties are excluded. The primary differ e nce 
lies in the range of input power levels over which intermodulation i s 
significant. 

If two signals are introduced and form a second order intermodulat i on 
product within a plasma, raising the level of either input by l db will 
raise the product level by l db. Raising both input levels by l db r aises 
the product level by 2 db, etc. At least this general rule is valid over 
input power ranges between -2 and +10 dbm for the coupling conditions 
existing in the couplers being tested. Typical intermodulation levels 
for a total input power of 12 to 18 milliwatts appear in the table below : 

HELIX COUPLED INTERMODULATION 
PRODUCTS IN ARGON GLOW-DISCHARGE 

INPUT f
1 

INPUT f 2 fl + f2 f 2 - f l 

Me DBM Me DMB Me DBM Me DBM 

50 +8 230 +8 280 -30 180 -37 
80 +9 200 +9 280 -30 120 - 34 
80 +9 120 +9 200 -31 40 -41 
85 +9 115 +7 200 -31 30 -43 
90 +7 110 +7 200 -31 20 -45 

115 +7 185 +8 300 -36 70 -40 
120 +9 180 +8 300 -36 60 -42 
125 +9 185 +8 310 -37 6o -42 
160 +7 240 +8 4oo -40 So -37 
180 +8 220 +8 400 -38 40 -42 
190 +8 210 +8 400 -38 20 -46 
225 +8 275 +8 500 -53 50 -42 

The random variations in sum and difference levels appears to be a f unction 
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of the coupler's frequency characteristics rather than a definite indication 
of parametric mlxlng. Levels measured on a coaxial coupler show· larger 
levels at the difference frequency in the majority of cases. 

It is noted that the intermodulation products exhibit maximum levels of 
some 40 db below the total input pow·er for the 18 milliwatt levels shown. 
At input levels of -2 dbm, the maximum product levels fall some 60 db below· 
the total input power of 1.8 milliwatts. Based on the above observations, 
the maximum product levels at 180 milliwatts of input pow·er would lie only 
20 db below the input power level for equal input levels at both frequencies. 
Thus for a total input pow·er of 0.2 watts, intermodulation would be a pro­
blem in glow-discharge plasmas. 

The problem is made more difficult by the fact that only one of the 
input levels need be large to obtain efficient mixing within the plasma. 
If one signal has a level of 0.2 watts, intermodulation products will lie 
only 20 db below· the smaller signal's level from noise to +10 dbm or better. 
These results are only theoretical at present because data are not avail­
able for inputs in excess of +13 dbm. 

Rocket Engine Tests: 

Tests on the oxygen-hydrogen rocket engine have produced only limited 
results since most of the available time was expended in developing a 
suitable coupler. 

A coaxial-type coupler was constructed similar to the one found useful 
with the argon tube experiment. A 6 3/8" I.D. 3 foot long aluminum pipe 
was used as an outer conductor with the rocket exhaust acting as the center 
conductor. The pipe was positioned to axially align with the rocket nozzle. 
A helix was positioned in the pipe to enclose the path of the exhaust. 
Both ends of the coil w·ere terminated in a type N panel jack. 

The visible portion of the exhaust was estimated to be 14 to 18 inches 
long. A coil was constructed of No. 12 solid copper w·ire to a length of 
16 inches. A 5-second run of the engine loosened the soldered connections 
to the rf connectors and melted the coil at one point. Another coil was 
constructed of l/8" O.D. Copper capillary tubing that has a 0.07" hole 
in the center. This coil also experienced excessive heating during a 
5-second run even though water was forced through the tubing. 

The next coil was constructed of 3/16" O.D. copper tubing with approx­
imately l/8" I.D. The length was shortened to 8 inches. A water line 
attached to the end of the coil nearest the rocket provided adequate cooling 
even for runs as long as 20 seconds. 

Once a useable coil was developed, tests to determine the level of 
harmonic generation in the exbaust w·ere initiated. Tests w·ere run for 
second harmonic generation from fundamental frequencies of 5 Me to 115 Me. 
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The harmonic level was found to vary too much to obtain a valid average 
reading on the NFIM (Singer NF-105). An X-Y recorder was employed to record 
the amplitude variations of the signal as a function of time. Calibration 
lines on the recorder enabled the excursions of the signal to be measured. 

Figures 2 and 3 are copies of the recorded amplitude variations of the 
second harmonics of 20 and 40 Me, respectively, as a function of time. 
Specific power levels at the NFIM input are indicated at the left margin 
of the figure. The very definite effect of the exhaust gases is apparent 
in the sudden increase in harmonic level immediately after firing. The 
residual level is that due the second harmonic of the signal generator which 
is not completely attenuated by the low-pass filters that were inserted 
for each test run. Also, part of this residual may be due to second harmonic 
generation in the input stages of the NFIM. The effect of the rocket 
ignition phase is observed in the interval before actual firing by noting 
that the level is higher than the residual. 

The highest levels of any products are in the neighborhood of 90 db 
below the level of the fundamental. This means that the level of the har­
monic at the NFIM is 90 db below the fundamental level at the generator. 
This result may be significant because the indication of the power absorb ed 
by the plasma was immeasurably small, being in the order of 0.1 db of 
insertion loss created by firing the engine. If it were a 0.1 db i n sert ion 
loss, the total incident power level would fall 17 db below the 0 dbm out ­
put level of the generator and the harmonic level would lie only 73 db b elow 
the fundamental level. S.ince -17 dbm represents a small amount of inc i dent 
power for non-linear activity even within glow-discharge plasmas, t he 
resulting low level of second harmonic generation may indicate a signif icant 
amount of second order activity w·ithin the oxygen-hydrogen plasma. Further 
testing will be necessary to establish the effectiveness of the coupler. 

Future Effort: 

During the next period, tests wi.ll continue on the oxygen-hydrogen 
engi-:.1e to include the injection of alkaline materials for the simul a t i on of 
sol i d rocket pl wnes. iJ:1e sts u ill be conducted on t he glow- discharge pla smas 
to determi ne that larger input levels will impr ove jhe second order generat­
ing efficiency of the plasma med -Lum. Further red.uction of existing data 
and correlation of results will be attempted. 

D. W. Robertson, Head 
Communications Branch 

R. D. Trammell, Jr. 
Project Director 
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ABSTRACT 

Two closed system methods for coupling rf to a plasma w·ere developed 

and utilized to measure the nonlinear properties of glow discharge and flame 

plasmas. One coupling technique utilized the plasma column as the center 

conductor of an rf coaxial line. The other technique employed a helix 

surrounding the plasma column such that it could be used w·i th hot flame 

plasmas. 

Levels as high as -43 dbm of interrnodulation signal w·ere measured 

w·i th argon glow· discharge and two input signals of zero dbm. Level 

relationships between input and output signals were measured and extra­

polated to predict the product generating efficiency for +30 dbm input 

levels. Measurements performed at a +20 dbm input level on the exhaust 

plasma of a small scale oxygen-hydrogen rocket engine provided evidence 

of second harmonic generation at levels of about -62 dbm. These tests 

were only marginally successful because of the low· efficiency of the rf 

coupling to the plasma medium. 

Tests were performed for incident signals between 10 MHz and 450 MHz 

and product signals between 10 MHz and 900 MHz. The close relationship 

of the physical parameters for glow· discharge and flame plasmas indicate 

that intermodulation and harmonic generation due to the interaction of 

electromagnetic waves in a plasma may become a serious source of inter­

ference during launch vehicle flights. This is particularly true of plasmas 

generated by antenna breakdown in rarefied or plasma laden atmospheres. 
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I. INTRODUCTION 

The contents of this document comprise the findings of an initial 

study to establish an understanding of the phenomenon of intermodulation 

and harmonic generation of electromagnetic w·aves in plasmas as it applies 

to the potential threat of interference from nonlinear interaction in the 

plasmas created by launch vehicles. The purpose of the stu~ was to pro­

vide the NASA with a knowledge of the intermodulation and harmonic levels 

which might be generated through the interaction of electromagnetic waves 

in plasma media, and to enable cognizant personnel to determine whether 

there is a potentially serious interference threat from this source. The 

scope of the research was to conduct theoretical and laboratory scale 

experimental investigations into the nature and magnitude of nonlinear 

interactions between electromagnetic waves in plasma media similar to those 

created by a launch vehicle during flight. Criteria for flight experiments 

and for a means to collect and record the information on the ground were 

included in this investigation for the future substantiation of laboratory 

findings. 

The Luxemburg effect and subsequent investigations of plasma properties 

relating to nonlinear effects in plasmas indicate that the intermodulation 

products of electromagnetic waves can be generated within a plasma medium. 1 ' 2 ' 3 

Intermodulation interference similar to that which occured during the pre­

launch testing of Saturn launch vehicles might be generated within plasma 

media created by the launch vehicle during flight to the extent that a 

loss of transmitted data or control information would occur. Though 



several documents support this possibility, few indicate to what extent 

intermodulation will occur in a plasma and virtually none contain sub-

stantiating experimental data for frequencies below· the critical frequency 

of the plasma. The present study was initiated to provide rudimentary 

data for predicting the extent to which interference might be produced by 

a plasma. This required the development of broadband rf couplers and 

special measurement techniques to provide experimental data indicating 

the level and other peculiarities of harmonic and intermodulation genera-

tion occurring in the plasma media. Glow discharge, flame, and seeded 

flame plasmas were tested at frequencies ranging from 10 MHz to 1000 MHz 

during the course of this study. 

Several Studies4,5, 6,7,S l·n th t h l t d th b t• e pas ave eva ua e e a sorp lOn 

and phase shift properties of plasmas in general and rocket exhausts in 

particular. Other studies9,lO,ll have investigated the nonlinear properties 

of plasmas. Barrett and Whitmer12 ' 13 have performed a mathematical analysis 

of the wave equation of an electromagnetic wave traveling through an ideal-

ized plasma. Their analysis retained the parameters which produce harmonics 

as an integral result of the wave traveling through the plasma, and is 

applicable to the efforts of this study in that it defines and organizes 

much of the problem. It serves to shed much light on the mathematical 

basis of harmonic generation. The study, though, is not sufficiently 

descriptive of the situation of concern in this report, in that it primarily 

* treats the case w /w << 1, i.e., the plasma frequency is below the frequency p 

* Plasma frequency designates that frequency above which the plasma is 
essentially transparent to an electromagnetic wave. 

2 



of concern. The highest harmonic levels predicted and measured in the 

study of Barrett and Whitmer were on the order of 110 db below the funda-

mental. The levels presented elsewhere in this report are considerably 

larger which indicates that their analysis is not sufficient to completely 

describe the situation studied under this contract. 

14 
The Luxemburg Effect results from a condition whereby one signal 

is modulated by changes in the propagation medium which are produced by 

the same or another signal. The dielectric constant is actually changed 

through increased ionization of the medium brought about by one of the 

signals. The plasmas studied during this six month period probably generate 

harmonics through a combination of the above phenomena. 

3 



II. FACTUAL DATA 

A. Analysis of Plasma Media and Coupling 

'1\m forms of plasma generation were utilized in this study, the 

chemical reaction or flame and the glow discharge. Flame plasmas were 

generated by the common propane torch and by a small oxygen-hydrogen 

rocket engine. The glow discharge was readily available in the form of 

standard fluorescent-configuration argon lamps. 

The small rocket engine utilized in the tests did not necessarily 

present the best model for studying the properties of an exhaust plume 

the size of that generated by a Saturn rocket. The dimensions of a 

Saturn rocket plume are such that it is many wavelengths long and several 

wavelengths across for frequencies in the 200 MHz telemetry band. It 

provides a large area for the interception of power from incident waves 

well below· 200 MHz. The exhaust from the small scale engine is not 

sufficiently large to provide for useful pow·er transfer at the frequencies 

of interest. Direct frequency scaling cannot be used because the electron 

concentration in the exhaust plasma is not sufficiently high to accept 

power at frequencies proportional to the flame size. The power absorbing 

capacity of the small exhaust can be improved by "seeding", i.e., injecting 

easily ionized materials into the plasma to increase the electron concen­

tration. Measured data describing the distribution and magnitude of the 

electron concentration in the Saturn exhaust w·ere not available for this 

study and, although the test plasmas were "seeded" with alkaline materials, 

no attempt was made to precisely control the electron concentration. 

4 



Additional knowledge of the electron concentration characteristics of the 

Saturn exhaust and development of a precise feed mechanism for seeding the 

small scale test plumes should permit, in future tests, direct frequency 

scaling and collection of applicable data in the laboratory. 

Glow discharge plasma provided a good study medium for the purposes 

of this study for three primary reasons: l) it is easily generated, con­

trolled and contained, 2) it can be used to study various coupling tech­

niques as its cylindrical shape is similar to the exhaust plume of a 

rocket motor, and 3) its physical parameters overlap those of flame plasmas 

even though its electron concentrations and temperatures are dispersed 

around a slightly higher average. 15 The nonlinear activity prevalent in 

a glow· discharge plasma should be akin to that of a flame plasma providing 

that equivalent coupling conditions are assumed. 

The first step taken in this study of plasmas was the development 

of an effective coupler. Two basic techniques are described along with a 

number of evaluation measurements in the Appendix. Both the "in-line" 

coaxial and helix couplers w·ere useful in performing studies of glow 

discharge plasmas. The coaxial coupler was preferred when performing 

measurements below· 300 MHz as its impedance provided a better match than 

the helix; however, the helix presented a better match above 700 MHz. 

The helix coupler does not make actual contact w·ith the plasma medium; 

therefore, it can be used for comparison studies on glow discharge and flame 

plasmas. The helical coupler behaves in a manner analogous to that of a 

conventional step-down transformer. With no plasma present, the coil has 

an impedance and insertion loss behavior pattern similar to the primary of 

5 



a transformer with the secondary open. When the plasma column is introduced 

along the axis of the coil, power is coupled to the plasma. The primary 

impedance variations are as if the Q of the input had been lowered by 

putting a low resistance across the secondary. The frequency response is 

broadened and the impedance variations are smoothed out. Figure l demon­

strates this behavior by showing how the standing wave ratios at the input 

of a helix coupler change when the glow discharge plasma was energized. 

The coaxial coupler provided a very consistent match over a w·ide band­

w·idth and thus was utilized to examine many of the basic nonlinear generating 

qualities of a plasma medium. This technique provides coupling by launching 

a normal electric field wave down the plasma column. The field extends 

into the medium where it slows down and creates a tangential component. 

The tangential component provides for power transfer into the plasma 

medium in a radial direction. The total Poynting vector therefore slopes 

into the plasma medium and power transfer is accomplished. The plasma acts 

as a lossy center conductor in a coaxial transmission line. 

B. Measurement Techniques and Results 

Accurate measurement of the product signal levels generated in a 

plasma medium is difficult to achieve because the generating efficiency 

of a plasma is quite low for the input power levels available from standard 

signal generators. This is particularly true when all of the involved 

signals must be measured through the same coupler port. The large incident 

signals required to generate measurable product levels cause sufficient 

intermodulation in signal generators and radio frequency measuring sets 

6 



15 

14 

13 

12 

11 

10 

0 9 
1-
<( 
0::: 

w 8 
> 
<( 
~ 

~ 7 
0 

~ 
t; 6 

5 

4 

3 

2 

---ON 

----OFF 

0.2 0.5 

\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 

,, 
I \ 
I I 
I 
I I 
I I 
I I 
I 
I 

\ I 
\ 
\ 
\ 
\ 
\ 

I 
I 
I 

\ 
\ I 
\ I 
\ I 
\ I 
\ I 

1.0 

FREQUENCY IN GHz 

,, 
I t 
I I 
I I 

I : 
I I 
I I 
I 1 

I 

' ' \ 
\ 

2.0 

I 
I 
I 
I 
t 
I 
I 
I 
I 
I 
I 

I' Jl 
I Jl 

I" 
Ill 
Ill 
lit 
11 1 
Ill 
Ill 

I 
I 
I 
I 
I 
I 

' I 
I 
I 
I 
I 

' l ~ 
I I' 
I I \ 

3.0 

I I' 
I I 

I 

,, 
u 

l 
It I 
td 
I I 1 

'" u 
I 

4.0 5.0 

Figure 1. Comparison of the Standing Wave Ratio Patterns of the Helix 
Coupler for the Plasma Tube in the ON and OFF States. 



(RFMS) to completely override the signals from the plasma unless a high 

degree of isolation is provided between equipments. Standard wideband 

methods of accomplishing the necessary isolation create excessive signal 

loss which defeats the experiment. Filter methods are expensive and 

excessively time consuming when many different test frequencies are utilized. 

A measurement technique suitable to the evaluation of nonlinear activity 

in a weakly active medium was developed using single or double 3 db wideband 

hybrids to provide sufficient isolation between equipments without seriously 

attenuating the desired signal flow. Two Anzac, Model H-1, 5 to 1000 MHz 

hybrids were used either singly or as a double hybrid by connecting them 

in series through the low impedance ports on a 25 ohm matching basis. This 

provided three 50 obm ports and one 25 ohm port which were utilized accord­

ing to the block diagrams of the various test setups described below. 

Several test setups were required to perform the various measurements 

under consideration. Five typical setups are shown by block diagram in 

Figures 2 through 6. These will be referred to as plans l through 5 

respectively. Where both the sum and the difference frequency are to be 

measured, two RFMS's are utilized for simultaneous readings. Standard 

EMC procedures were followed in obtaining the data and signal substitution 

was utilized instead of the calibrated receiver in determining accurate 

signal levels. 

In order to determine that no equipment intermodulation w·ould degrade 

the measurements, the hybrid setups were checked at each set of operating 

frequencies under full generator output (+13 dbm) with the plasma coupler 

replaced by a linear mismatch equal to the worst condition presented by the 

8 
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coupler proper. No spurious products were found to exceed a value of -84 

dbm. With the plasma coupler replaced by a 500 termination, no spurious 

products were detected above the system noise level. 

Intermodulation and harmonic levels were measured using the coaxial 

coupler with both 47 inch and 18 inch glow discharge tubes. Intermodulation 

data were obtained for up to twelve different frequency combinations for 

overlay and spacing information. These measurements were repeated, at 

least in part, for various coupling arrangements, pow·er levels, and exci ta­

tion conditions. Harmonic data w·ere obtained for several frequencies under 

similar conditions for the correlation of intermodulation activity to 

harmonic order and diode behavior. 

The largest intermodulation level measured on the coaxial coupler 

was -40 dbm at 280 MHz and was obtained w·ith +5 dbm input levels at 50 MHz 

and 230 MHz. The largest harmonic level was -47 dbm at 100 MHz and was 

obtained with a +5 dbm input level at 50 MHz. The variation of second order 

intermodulation and harmonic signal level with changes in the input power 

level are shown in Figures 7, 8, and 9. The intermodulation curves with a 

unit slope were obtained by holding a 115 MHz incident signal constant at 

+2 dbm and varying a 185 MHz incident signal from +2 dbm to -18 dbm in l 

to 5 db steps. The intermodulation curves having a slope of 2 were obtained 

by concurrently varying the 115 MHz and the 185 MHz incident signals in 

l to 5 db steps from +3 dbm to -13 dbm. The second harmonic curve was 

obtained by varying a 50 MHz incident signal in 1, 2, and 5 db steps from 

+5 dbm to -13 dbm. All of the above data have been corrected for losses 

introduced by the test setup and indicate the input-output efficiency for 
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the plasma medium at the incident power levels represented. Within the 

measurement error for the data, these variations are linear l to l and 2 

to l proportionalities with respect to input power. 

The effect of changing the excitation current, and consequently the 

column voltage, on the intermodulation and harmonic signal levels is shown 

in Figures 10 and 11. These data could not be accurately corrected for 

reflection loss because no data are currently available on the SWR for 

changes in the excitation current. The variation in SWR is not thought 

to be large for currents above 100 rna. 

Though some third order intermodulation and harmonic measurements 

were successfully completed, the range of input levels over which valid 

data could be obtained was severely limited. Consequently, no data are 

available to show the third order variation with input level. For normal-

ization purposes, it was assumed that all third order product levels increase 

at a rate of 3 to l with respect to total input signal level. 

Two third order intermodulation products were measured concurrently 

with the second order intermodulation product resulting from the same pair 

of incident signals. These data appear in Table I. 

TABLE I 

MEASURED SECOND AND THIRD ORDER INTERMODULATION LEVELS 

PRODUCT 

fl ± f2 

2fl ± f2 

fl ± 2f2 

INPUT f
1 

MHz dbm 

90 +4.6 

90 +4.6 

90 +4.6 

INPUT f
2 

SUM 

MHz · dbm MHz dbm 

140 +5 .4 230 -46.9 

140 +5.4 320 -76.4 

140 +5.4 370 -75.2 
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MHz dbm 

50 -45.7 

40 -70.8 

190 -73.4 



E 
...c 
-c 
z 
_j 
w 
> w 
_j 

z 
0 
~ 
4: 
_j 

::J 
0 
0 
~ 
0::: 
w 

- ~--

~ 

-36 

-38 

-40 

118 

-42 

114 

-44 

110 

-46 

106 

-48 

102 

-50 

98 

-52 

94 

-54 

90 

-56 

86 

-58 

82 

-60 
SETUP: PLAN 1 

EXCITATION: de Negative 
-62 

INPUTS: 115 MHz at +6.1 dbm 
185 MHz at +4.0 dbm 

-64 • = 300 MHz SIGNAL 

I ' = 70 MHz SIGNAL 

I • =VOLTAGE ACROSS COLUMN 
-66 I 

I 
-68 

-70 

0 50 100 150 200 250 300 350 400 450 500 550 

EXCITATION CURRENT IN me 

Figure 10. Inter.modulation Signal and Excitation Voltage Behavior 
with Change of Excitation Current. 

19 

V> 
I-
_j 

0 
> 
~ 
UJ 
<.:) 
4: 
I-
_j 

0 
> 
z 
:::E 
::J 
_j 

0 u 



E 
...c 
""'C 

~ 
_J 

UJ 
> 
UJ 
_J 

u 
z 
0 
::;;; 
0:: 
<( 
:r: 
Cl 
z 
0 
u 
UJ 
II) 

36 

126 

38 

122 

40 

118 

42 

114 

44 

110 

46 

106 

48 

102 

50 

98 

52 

94 

54 

90 

56 

86 

58 

SETUP: PLAN 4 
82 

60 EXCITATION: de NEGATIVE 

INPUT: 50 MH z at +5.4 dbm 

62 • = 100 MHz OUTPUT SIGNAL 

• = VOLT AGE ACROSS COLUMN 

64 

66 

68 

70 
0 50 100 150 200 250 300 350 400 450 500 550 

EXCITATION CURRENT IN ma 

Figure 11. Second Harmonic Signal and Excitation Voltage Behavior 
with Change of Excitation Current. 

20 

II) 

1-
_J 

0 
> 
~ 
UJ 
(.!) 
<( 
1-
_J 

0 
> 
z 
::;;; 
::::> 
_J 

0 
u 



Typical second order intermodulation levels measured for other frequencies 

within the coaxial coupler's bandwidth appear in Table II .. A total of some 

TABLE II 

MEASURED SECOND ORDER INTERMODULATION LEVELS 

INPUT NOo l INPUT NO. 2 SUM DIFFERENCE 

Ivlliz dbm Ivlliz dbm MHz dbm MHz dbm 

50 4.0 230 4.4 280 -45.2 180 -46.5 
80 4.0 200 5.6 280 -43.5 120 -44.9 
85 6.1 115 5.8 200 -45.0 30 -47.2 
90 6.2 110 5.9 200 -43.9 20 -46.2 

115 6.1 185 4.0 300 -44.5 70 -46.4 
120 2.0 180 3.9 300 -48.7 6o -52.4 
125 1.5 185 3.2 310 -51.1 6o -53.3 
160 4.7 240 4.4 400 -50.9 80 -45.8 
190 0.6 210 0.5 400 -57.3 20 -48.8 

300 different harmonic and intermodulation levels were measured using the 

coaxial coupler and measurement plans l through 5. The data vrere normalized 

to a zero dbm input level and then averaged by sum and difference product 

or harmonic within each data group. The mean sum and difference levels 

were then averaged to give the mean level of the intermodulation order 

for comparison with the common harmonic. These data appear in Tables 

III and TV. 

In order that the peculiarities of the nonlinear activity within a 

plasma might be ascertained, the product levels measured at the coupler 

output had to be corrected for losses incurred while traveling from the 
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TABLE III 

AVERAGE SECOND ORDER INTERMODULATION LEVELS FOR ZERO dbm INPUTS 

TUEE PIAN EXCITATION SUMjDIFF. SUM DIFFERENCE IM AVERAGE 
rna v db dbm dbm dbm -

47C 1 -400 S6 de +0.2 -55.9 -56.1 -56.0 

47C 2 -400 S6 de -0.7 -74.0 -73.3 -73.7 
47C 2 400 So ae -2.7 -77.9 -75.2 -76.5 
47C 3 -400 S6 de -1.2 -79.0 -67.S -73.4 

47C 3 400 SO ae -S.1 -S1.5 -73.4 -77.4 

f\) 47F 1 400 So ae -2.9 -63.7 -60.S -62.3 f\) 

47F 1 -400 So de +1.0 -59.0 -60.0 -59.5 
47F 1 510 So ae -5.2 -5S.5 -53.3 -55.9 
47F 2 510 SO ae -4.9 -75.0 -70.1 -72.5 

47F 3 510 So ae -1.4 -7S.S -67.4 -73.1 

1SH 1 -300 44 de +7.0 -51.1 -5S.1 -54.6 
1SH 1 300 44 ae -3.S -5S.5 -54.7 -56.6 
1SH 1 +300 40 de +0.1 -76.2 -76.3 -76.3 
1SH 3 300 43 ae -6.9 -67.7 -60.S -64.3 



TUBE 

47C 
47C 
47C 
47C 

18H 
18H 

TUBE 

47C 
47C 
47C 
47C 

18H 
18H 

TABLE rv 

AVERAGE HARMONIC LEVELS FOR ZERO dbrn INPUT 

PIAN EXCITATION 2nd HARMONIC 3rd HARMONIC 4th HARMONIC 
rna v dbrn dbrn dbrn 

-

4 -400 80 de -65.4 -106.9 
4 +400 81 de -77.2 -106.8 
5 -400 80 de -85.5 -126.4 
5 +400 80 de -95.4 

4 300 43 ae -59.9 - 81.0 
5 300 43 ae -72.5 -104.7 -133.5 

TABLE V 

AVERAGE HARMONIC LEVELS INCREASED BY TUBE ABSORPTION LOSS AT HARMONIC FREQUENCIES 

PIAN EXCITATION 
rna v -

4 -400 80 de 
4 +400 81 de 
5 -400 80 de 
5 +400 80 de 

4 300 43 ae 
5 300 43 ae 

2nd HARMONIC 
dbrn 

-44.4 
-56.3 
-64.5 
-74.4 

-44.6 
-56.0 

3rd HARMONIC 
dbrn 

- 87.0 
- 84.9 
-106.4 

- 67.0 
- 85.5 

4th HARMONIC 
dbrn 

-112.0 



point of generation to the coupler terminal. This loss is difficult to 

separate unless the generation point is defined. It was reasoned that 

products generated within a plasma should experience absorption from 

traveling in the medium before reaching the output terminal, and that this 

absorption would be in proportion to the absorption experienced by a signal 

of like frequency in passing through the coupler. Since the exact point 

of generation was not known, the exact proportion of loss could not be 

calculated. For the purposes of this portion of the study, the absolute 

level was not significant and the total absorption loss was used to correct 

the data to the point of generation regardless of the actual location of 

that point. The corrected average product levels for zero dbm inputs, 

appear in Tables V and VI. The need for data on helical coupler types 

pre-empted the further accumulation of data concerning the actual region of 

product generation and the question of parametric activity. 

Once the helix coupler was determined to be an effective device for 

coupling rf to a plasma column, measurements were performed to evaluate 

the harmonic and intermodulation generating properties. The logarithmic 

helix was used as the coupler for all of the following tests on glow 

discharge plasmas as it exhibited the better impedance and coupling properties 

over the frequency range of primary interest. As both ends of the coupler 

were accessible, measurements were made at both terminals to see if there 

might be any discernible effects caused by propagation along the plasma. 

As mentioned in the Appendix, port l is the "open" end of the logarithmic 

spiral and port 3 is the "tight" end. 
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TABLE VI 

AVERAGE SECO~D ORDER I TERMODULATION LEVELS INCREASED BY TUBE 
ABSORPTION LOSS AT PRODUCT FREQUENCIES 

TUBE PIAN EXCITATION SUM/DIFF. SUM: DIFFERENCE IM AVERAGE 
rna v db dbm dbm dbm -

47C 1 -400 86 de + 4.9 -34.1 -39.0 -36.6 

47C 2 -400 86 de + 4.1 -52.2 -56.3 - 54.3 
47C 2 400 80 ae + 3.8 -57.4 -61.2 -59.3 
47C 3 -400 86 de - 5.9 -57.3 -51.4 -54.3 
47C 3 4oo 80 ae - 1.6 -61.0 -59.4 -60.2 

[\) 

Vl 

47F 1 400 80 ae + 1.8 -37.2 -39.0 -38.1 
47F 1 -400 80 de + 3.0 -43.5 -46.5 -45.0 
47F 1 510 80 ae + 2.9 -38. 7 -41.6 -40.0 

47F 2 510 80 ae + 2.1 -53.6 -55.7 -54.7 
47F 3 510 80 ae - 4.4 -57.5 -53.1 -55.3 

18H 1 -300 44 de +11.9 -35.7 -47.6 -41. 7 
18H 1 300 44 ae + 2.0 -42.5 -44.5 -43.5 
18H 1 +300 40 de + 5.1 -60.8 -65.9 -63.4 
18H 3 300 43 ae - 2.4 -52.8 -50.4 -51.6 



Harmonic levels w·ere measured with the glow discharge sustained with 

ac and de excitation. For all of the data shown, the input signal was 

applied at port l. Port 3 was also tested as the input port and generally 

no difference was detected. The curves in the Appendix show that there 

are cases where the impedance match is different for the two ports. 

Depending upon the frequency of the input signal, the power loss due to 

mismatch could affect the harmonic coupled out or the actual level generated 

by affecting the level of fundamental coupled into the plasma. 

There was a significant difference in the level of harmonics as measured 

at the two ends of the coupler. A hybrid was utilized to discriminate 

against harmonics coming directly from the signal generator when the harmonics 

generated in the plasma were being measured at port l. The resultant 

data have been corrected for losses in the hybrid and mismatch loss at the 

coupler. Table VII is a presentation of the harmonic levels through the 

fourth order after normalization to a zero dbm input level. Table VIII 

is a tabulation of the normalized harmonic levels when the fundamental is 

applied at port l and the harmonics are measured at port 3. Figures J2 and 

13 show the variation of the levels of the second and third harmonics, 

respectively, with frequency. The harmonic levels at port 3 are plotted 

in db below the fundamental input at port l. Note that both curves are 

plotted using the fundamental frequency as the independent variable. This 

means that the level actually represented by the curve is that produced 

at the second or third frequency multiple depending on the harmonic number. 

The variation in the harmonic power output as a function of fundamental 

input power was tested. Figure 14 shows the rate of harmonic power increase 
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TABLE VII 

HARMONIC GENERATION PRODUCTS IN A GLOW DISCHARGE PLASMA WITH 
INPUT AND OUTPUT MEASURED AT THE SAME END OF HELIX COUPLER 

A. EXCITATION: I = 300 rna ac 
V = 45 v ac 

FUNDAMENTAL SECOND HARMONIC THIRD HARMONIC 
MHz dbm dbm dbm 

10 0 -70.7 - 99.9 
20 0 -66.4 - 97.0 
30 0 -60.7 - 92.0 
40 0 -65.1 - 99-9 
50 0 -59.2 -103.4 
6o 0 -57.7 - 92.6 
70 0 -61.3 - 92.0 
80 0 -62.9 -100.1 
90 0 -64.0 -100.0 

100 0 -53.6 - 93.7 
120 0 -67.6 -102.4 
140 0 -70.1 -108.8 
160 0 -64.5 -101.7 
180 0 -62.5 - 97.5 
200 0 -66.6 -103.8 
250 0 -66.7 - 93.9 
300 0 -64.4 -107.2 
350 0 -74.8 
4oo 0 -69.4 
450 0 -73.7 

AVERAGE LEVELS 
(30 MHz to 500 MHz) -63.1 - 98.8 

(Continued) 
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TABLE VII (Continued) 

HARMONIC GENERATION PRODUCTS IN A GLOW DISCHARGE PLASMA WITH 
INPUT AND . OUTPUT MEASURED AT THE SAME END OF HELIX COUPLER 

B. EXCITATION: I = 300 ma de 
V = 44 v de 
Port 1, Negative 

FUNDAMENTAL SECOND HARMONIC THIRD HARMONIC 
:MHz dbm dbm dbm 

10 0 -72.0 - 93.8 
20 0 -70.1 - 97.0 
30 0 -60.7 - 92.3 
40 0 -66.1 -103.8 
50 0 -60.6 -110.8 
60 0 -56.0 - 93.4 
70 0 -59.3 - 94.3 
80 0 -62.1 - 97.7 
90 0 -63.1 -109.9 

100 0 -54.6 -103.7 
120 0 -68.5 -103.5 
140 0 -71.5 -104.5 
160 0 -65.2 -116.0 
180 0 -66.7 - 96.3 
200 0 -71.3 -101.1 
250 0 -69.1 - 94.0 
300 0 -64.7 - 92.9 
350 0 -64.3 
400 0 -64.1 
450 0 -70.4 

AVERAGE LEVELS 
(30 :MHz to 500 MHz) -102.7 

(Continued) 
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TABLE VII (Concluded) 

HARMONIC GENERATION PRODUCTS IN A GLOW DISCHARGE PLASMA WITH 
INPUT AND OUTPUT MEASURED AT THE SAME END OF HELIX COUPLER 

c. EXCITATION: I = 300 rna de 
V= 44 v de 
Port 1, Positive 

FUNDAMENTAL SECONTI HARMONIC THIRD HARMONIC 
MHz dbm dbm dbm 

10 0 -75.9 - 96.9 
20 0 -59.7 -103.0 
30 0 -58.1 - 91.7 
40 0 -79.0 -lo6.3 
50 0 -60.2 -110.7 
6o 0 -55.2 - 90.3 
70 0 -60.8 - 92.7 
80 0 -63.1 -105.3 
90 0 -51.9 - 99.0 

100 0 -56.9 - 96.3 
120 0 -70.4 - 95.0 
140 0 -64.4 - 97.0 
160 0 -65.6 -104.4 
180 0 -49.9 - 88.0 
200 0 -63.2 - 94.9 
250 0 -62.5 - 87.8 
300 0 -61.8 -104.9 
350 0 -62.8 
4oo 0 -63.7 
450 0 -65.3 

AVERAGE LEVELS 
(30 MHz to 500 MHz) -61.5 - 99.0 
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VJ 
0 

FUNDAMENTAL 
MHz dbm 

10 0 
20 0 
30 0 
40 0 
50 0 
6o 0 
70 0 
80 0 
90 0 

100 0 
120 0 
140 0 
160 0 
180 0 
200 0 
250 0 
300 0 
350 0 
400 0 
450 0 

AVERAGE LEVELS 

TABLE VIII 

HARMONIC GENERATION PRODUCTS IN A GLOW DISCHARGE PLASMA WITH INPUT AND 
OUTPUT MEASURED AT DIFFERENT ENDS OF HELIX COUPLER 

A. EXCITATION: I = 300 ma ac 
V = 45 v ac 

SECOND HARMONIC 
dbm 

-64.7 
-66.0 
-62.2 
-56.8 
-54.3 
-51.0 
-51.0 
-52.0 
-52.1 
-49.1 
-54.3 
-54.7 
-52.6 
-60.8 
-51.8 
-70.3 
-78.6 
-81.5 
-80.6 
-97.2 

THIRD HARMONIC 
dbm 

-101.9 
-102.5 
- 95.7 
- 98.2 
- 89.9 
- 88.1 
- 87.7 
- 91.4 
- 93.3 
- 89.3 
-102.1 
-102.7 
-105.1 
-109.0 
-104.5 
-118.8 
-123.3 

(30 MHz to 500 MHz) -55.2 - 94.9 

(Continued) 

FOURTH HARMONIC 
dbm 

-136.0 
-140.8 
-139.1 
-134.4 
-128.5 
-122.0 
-126.1 
-120.3 
-131.9 
-124.2 
-142.0 
-143.4 
-135.1 
-140.8 
-148.2 

-129.8 



VJ 
j--J 

FUNDAMENTAL 
MHz dbm 

10 0 
20 0 
30 0 
40 0 
50 0 
60 0 
70 0 
80 0 
90 0 

100 0 
120 0 
140 0 
160 0 
180 0 
200 0 
250 0 
300 0 
350 0 
400 0 
450 0 

AVERAGE LEVEI.S 

TABLE VIII (Continued) 

HARMONIC GENERATION PRODUCTS IN A GLOW DISCHARGE PLASMA WITH INPUT AND 
OUTPUT MEASURED AT DIFFERENT ENDS OF HELIX COUPLER 

Bo EXCITATION: I = 300 rna de 
V = 44 v de 

SECOND HARMJNIC 
dbm 

-65.4 
-67.1 
-63.1 
-58.6 
-54.4 
-48.7 
-49.3 
-52.1 
-53.8 
-51.3 
-52.2 
-51.2 
-53.3 
-56.3 
-57.1 
-60.0 
-75.1 
-75.5 
-73.0 
-87.5 

Port 1, Negative 

THIRD HARMONIC 
dbm 

- 95.9 
- 98.7 
- 97.8 
-103.0 
- 90.1 
- 88.1 
- 86.7 
- 93.6 
- 96.4 
- 96.6 
- 97.9 
- 92.8 
- 97.7 
-103 .o 
-104.5 
-121.2 
-124.1 

(30 MHz to 500 MHz) -54.4 - 94.6 

(Continued) 

FOURTH HARMONIC 
dbm 

-129.7 
-141.3 
-146.1 
-141.9 
-117.9 
-120.8 
-127.4 
-133.9 
-136.4 
-135.0 
-136.2 
-133.1 
-142.5 

-132.8 



\..N 
f\) 

FUNDAMENTAL 
MHz dbm 

10 0 
20 0 
30 0 
40 0 
50 0 
6o 0 
70 0 
80 0 
90 0 

100 0 
120 0 
140 0 
160 0 
180 0 
200 0 
250 0 
300 0 
350 0 
400 0 
450 0 

AVERAGE LEVELS 

TABLE VIII (Concluded) 

HARMONIC GENERATION PRODUCTS IN A GLOW DISCHARGE PLASMA WITH INPUT AND 
OUTPUT MEASURED AT DIFFERENT ENDS OF HELIX COUPLER 

C. EXCITATION: I = 300 rna de 
V = 44 v de 

SECOND HARMONIC 
dbm 

-70.0 
-64.5 
-62.0 
-58.9 
-54.9 
-47.5 
-49.4 
-52.1 
-53.0 
-50.5 
-55.3 
-50.7 
-52.6 
-46.8 
-58.1 
-63.5 
-71.8 
-79.8 
-98.2 
-90.8 

Port 1, Positive 

THIRD HARMONIC 
dbm 

- 98.8 
-100.8 
- 96.4 
-100.1 
- 92.4 
- 88.4 
- 87.3 
- 92.1 
- 92.1 
- 93.1 
-101.1 
- 94.0 
- 98.6 
- 89.9 
-101.9 
-110.8 
-127.4 

(30 MHz to 500 MHz) -54.0 - 94.1 

FOURTH HARMONIC 
dbm 

-138.7 
-131.9 
-143.8 
-129.4 
-114.3 
-127 .l 
-131.8 
-133.9 
-131.2 
-140.6 
-124.5 
-145.2 

-131.6 



.....1 
UJ 
> 
UJ 
.....1 

t-
:::) 

a... 
~ 
.....1 
<( 
t-
z 
UJ 
:::i: 
<( 
0 
z 
:::) 
u.. 
UJ 

\J.J I 
\J.J t-

~ 
0 
.....1 
UJ 
co 
...0 
-o 

0[ 
50 

60 

70 

80 

90 

100 

10 

LOGARITHMIC HELIX 

15 WATT ARGON PLASMA 

--ae 

de NEG. 

• de POS • 

,., _, _, 
"" 

20 30 40 50 60 70 80 90 100 200 300 400 

FUNDAMENTAL FREQUENCY IN MHz 

Figure 12. Second Harmonic Level Versus Frequency as Generated in a Glow Discharge 
Plasma. 

500 



100 
10 20 30 40 50 60 70 80 90 100 200 

FUNDAMENTAL FREQUENCY IN MHz 

Figure 13. Third Harmonic Level Versus Frequency as Generated in a 
Glow Discharge Plasma. 

300 400 500 



32 

30 

28 

26 

24 

22 

...c 20 "'"'C 

z 
w 
<.!> 18 z 
4: 
:c 
u 
__J 

16 w 
> w 
__J 

1- 14 :::> 
a.. 
t-
:::> 
0 12 

10 

8 

6 

4 

2 

oo 2 4 6 

I 
I 

I 

8 

I 

I 
I 

I 

I 
I 

/M==2 
I 

10 12 14 

INPUT LEVEL CHANGE IN db 

16 18 20 

Figure 14. Second Harmonic Level Variation with Increase in the 
Fundamental Input Level in a Glow Discharge Plasma. 

35 



with increase in input power. Also shown on the graph for reference 

purposes is a line w·ith slope of 2 which corresponds to an ideal power 

law harmonic generation. The decrease in slope of the harmonic generation 

curve at the lower input levels indicates that the harmonic level out of 

the plasma is approaching the residual level that results from the feed 

through of harmonics produced by the signal generator. 

The effect of current flow through the plasma on the harmonic level 

was investigated by measuring the level for various excitation currents. 

The current was ranged from a value just necessary to sustain the glow up 

to 400 rna. Only a small change in harmonic level resulted from varying 

the excitation current over a 10:1 range. 

Sum and difference products w·ere measured for two input signals ranging 

in frequency from 10 MHz to 300 MHz. Table IX shows the second order inter­

modulation levels after normalization to zero dbm input levels for f
1 

and 

f
2

. Figure 15 shows the variation of the difference frequency, (~f), 

where ~ is equal to 300 MHz, as f
1 

increases in frequency. Both f
1 

and f
2 

were maintained at +13 dbm input levels. For all these intermodulation 

tests, f
1 

and f
2 

were isolated from each other with a broadband hybrid. 

An oxygen-hydrogen rocket engine was investigated with regard to the 

nonlinear activity in its exhaust gases since the rocket exhaust is a more 

appropriate model of the conditions exhibited by an actual missile. The 

electron densities produced by the small rocket are not necessarily akin 

to the magnitude of those produced by a Saturn rocket because the latter 

uses an organic fuel constituent. The small engine, however, does exhibit 

a mach 7 shock structure and temperatures to 6000° Rankine. 



TABI.E IX 

NORMALIZED INTERMODULATION LEVELS FOR THE HELICAL COUPLER 
AND ARGON GLOW DISCHARGE 

300 rna at 45 v ae -300 rna at 44 v de +300 rna at 44 v de 

INPUT F1 INPUT F2 SUM DIFFERENCE SUM DIFFERENCE SUM DIFFERENCE 

MHz dbrn MHz dbrn dbrn dbm dbrn dbrn dbrn dbrn 

10 0 300 0 -48.0 -49.0 -49.4 -50.3 -49.4 -52.4 
50 0 230 0 -46.1 -52.8 -46.7 -47.0 -46.7 -48.6 
80 0 200 0 -47.1 -51.4 -48.3 -52.3 -48.2 -50.0 
80 0 120 0 -48.6 -58.3 -47.8 -56.4 -48.3 -56.3 

\.).J 85 0 115 0 -47.7 -57.3 -47.3 -57.2 -46.4 -55.0 
-...:J 90 0 110 0 -46.1 -60.1 -46.6 -57.9 -45.1 -56.1 

115 0 185 0 -50.8 -56.3 -47.5 -52.9 -42.9 -48.0 
120 0 180 0 -51.6 -58.5 -47.4 -53.2 -44.6 -49.6 
125 0 185 0 -52.7 -59.0 -47.8 -54.5 -44.4 -50.4 
160 0 240 0 -54.7 -52.9 -52.0 -52.9 -51.2 -52.1 
180 0 220 0 -53.4 -58.0 -57.3 -56.6 -48.2 -51.2 
190 0 210 0 -53.9 -62.8 -58.3 -58.3 -50.1 -54.9 
225 0 275 0 -68.9 -57.9 -67.6 -57.0 -65.7 -56.3 

AVERAGE LEVELS -51.5 -56.5 -51.1 -54.4 -48.6 -52.4 
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Harmonic generation capabilities were investigated using the helical 

coupler described in the Appendix. Figure 16 is a reproduction of a record­

ing made of the amplitude of the output of the RFMS when tuned to 40 MHz. 

A 20 MHz signal at +17 dbm was applied to the coil during the run. The gen­

erator second harmonic was attenuated with a low-pass filter. This figure 

seems to indicate that appreciable nonlinear activity is present. This 

was indeed thought to be the case until further investigation revealed a 

strong 40 MHz noise component with no input signal present. A recording of 

this 40 MHz component is reproduced in Figure 17. The amplitude levels 

shown on Figure 17 are higher than those on Figure 16. The variations in 

signal levels over the duration of the run are much greater in the noise 

spectrum than in the "harmonic" run ( 27 db as compared to 10 db). The 

absolute levels shown on the figures are not important per se because the 

gain control on the RFMS was probably not at identical settings since the 

recordings were made several days apart. 

In the course of the investigation of the noise components at various 

frequencies, a strong 60 Hz component was observed in the signal. This 

led to a questioning of the ignition system. The system for igniting the 

gases prior to and during the firing phase consists of a high voltage 

step-up transformer which generates a spark between a probe and the rocket 

housing near the exhaust. This spark gap is a very efficient noise generator 

and was responsible for the strong components measured up to 80 MHz. Figure 

18 is a recording made of a firing cycle with an input signal of +20 dbm 

at 20 MHz applied to the coupler. The one second time interval (t
1 

to t
2

) 

prior to firing show·s the effects of the arc and small amount of burning 

hydrogen during the ignition phase. At firing, time t
2

, a large spike 

39 



s 
,..0 
ro 
~ 

H 

-P ::s 
Pi 

+ -P 
0 ::s 

0 

H 
Q) 
,-j 

Pi ::s 
0 
u 

-90 

-93 

-98 

-100 ' _-· 

0 

Input Signal: 

. J . 

l 

f. 
l 

P. 
l 

2 

20 MHz 

+17 dbm 

, J.-

3 4 5 6 

Time In Seconds 

Figure 16. Recording of the 40 MHz Output Component of the Exhaust Coupler. 



-95 

-9 

s 
8 
)j 

H -85 
+J 
~ 

-t::"' P-t 
f-J +J 

~ 
0 

Q) 

H H 
Q) •rl 
rl f:r.i 
~ 
0 
u 

-80 

T-

0 l 2 3 4 5 6 7 8 

Time In Seconds 

Figure 17. Recording of the 40 MHz Noise Component In the Signal Output of the Exhaust Coupler. 



-108 

-105 

s 
,.0 
'1j 

>=! 
H 

.p 
:::::') 

A -100 -+=-- .p 
1\) :::::') 

0 

H 
Q) 
rl 
A 
:::::') 
0 
u 

-95 

0 

System Noise 

Generator Residual Harmonic Level 

Input Signal: 

1 2 3 4 5 6 

Time In Seconds 

f. 
l 

P. 
l 

20 MHz 

+20 dbm 

7 

+. 

Figure 18. Effects of Ignition Coil on 40 MHz Output Signal from the Exhaust Coupler. 

8 



occurs in the output of the coupler. This is probably generated by the 

shock wave structure of the mach 7 gases escaping from the exhaust. 

Although some harmonic generation may occur due to the shock wave, the 

signals are difficult to distinguish from the noise components at the 

same frequency. On Figure 18, time t 3 shows the effect of de-energizing 

the ignition coil. The engine continued to run for the duration of the 

test. Since the total signal dropped to the residual level upon de-energiza­

tion of the arc, it is evident that the output signal was a product of the 

ignition system. 

The curves of Figure 19a show the recorded response at 10 MHz of a 

5 MHz input signal at +20 dbm power level. The reference levels show that 

the power level of this output signal is much higher than the levels re­

corded in Figures 16 and 17. Note for one thing that the signal fluctuations 

visible previously during the igrtition phase (the time prior to firing) 

have been overridden by the signal voltage. 

The recording of Figure l9b shows the noise voltage from the coupler 

with the RFMS at the same adjustments of l9a. The magnitude of the signal 

is at least 12 db below· that with the 5 MHz signal present. This would seem 

to indicate that the signal level in l9a is due in part to harmonic genera­

tion. The spike of output signal in both cases co inc ides w·i th the passage 

down the coupler of the shock wave which is generated by the initial blast 

of burning exhaust gases. The tip of the signal spike is not necessarily 

the true power level because the response time of the recorder is on the 

order of a few cycles per second and probably will not follow the rise of 

the signal. The indications are that harmonic products as well as strong 
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noise components are generated in the shock wave; these two signals are 

difficult to separate in the data obtained. 

Aluminum is an alkali metal which ionizes readily in a high temperature 

atmosphere such as that found inside the exhaust plume of the rocket engine. 

The pow·er feed system, which is described in the Appendix, was used to 

spray aluminum powder, Fisher Scientific No. A-559, into the exhaust plume. 

The amount of powder added was controlled by the pressure of the carrier 

gas. A very accurate quantitative measure of aluminum in parts per million 

was not performed. Figure 20 is a 17 second recording of the signal out­

put from the coupler with an input signal of 10 MHz at +20 dbm. The engine 

was fired and the ignition spark turned off before the recorder was started. 

The 20 MHz residual level from the signal generator is -72 dbm. The 

coupler output began to increase at approximately 12 to 15 seconds after 

the engine was fired. After the output leveled off, the input power level 

was reduced 10 db and the output decreased 20 db which verifies that true 

harmonic generation was occuring. This 20 db decrease lowered the output 

level below· the residual level, but the latter would decrease 10 db w·ith 

a 10 db decrease in the input because it also passes through the attenuator. 

C. Analysis of Data 

The harmonic and intermodulation levels measured at the output ports 

of the coaxial and helical couplers using glow discharge plasmas are suffi­

ciently large to produce interference in ordinarily sensitive receiving 

equipment. The trend of the levels with increasing input power points to 

the probability of more efficient mixing at even higher input levels. 
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Curves B and C of Figure 21 are extrapolations of the data shown in Figure 

8. They indicate the levels of intermodulation to be expected for incident 

power levels up to +35 or +40 dbm with the coaxial coupler. Curve A is a 

plot of the output limit above which no product level can extend. The 

curve is actually a plot of the absorbed incident power treated as though 

it were an output. If curve C actually remains linear through +30 dbm at 

the input, curve D is the locus of intermodulation levels to be expected 

when one incident signal is fixed at +30 dbm and the other is variable. 

These levels fall a fixed level below· that of the variable input signal. 

It is obvious that the level of the largest intermodulating signal determines 

the efficiency w·ith which intermodulation products are formed. The efficiency 

w·ill increase w·i th input level until the limit of linear proportionality is 

reached. 

Curve E is extrapolated from the point representing the largest second 

harmonic level measured with the helix coupler. It w"ill be shown later 

that second order intermodulation levels are 6 db larger than second 

harmonic levels. Point G is 6 db above the second harmonic level such that 

curve F represents the locus of intermodulation levels which are predicted 

for the helix coupler when one incident signal approaches a + 30 dbm pow·er 

level. 

Though it is not plotted in Figure 21, an assumed 3 for l increase 

in third order intermodulation product level would cause third order pro­

ducts to be significant at a +30 dbm input level (-5 to -10 dbm). 

These suppositions are based on common diode mixer theory which the 

plasma appears to parallel over the range of input levels that were 



E 
..0 
""C 

~ 
....J 
w 
> w 
....J 
1-
:::> 
a.. 
1-
:::> 
0 

40 

30 

20 

10 

0 

-10 

-20 

-30 

-40 

-50 

-60 

-70 

-80 

-20 -10 0 10 20 

PREDICTED OUTPUTS FOR 

LARGE INCIDENT LEVELS 

A= Absorbed Power Limits 

B = 115 MHz at +2 dbm and 
185 MHz Variable 

C = 115 MHz and 185 MHz Equal 
and Variable 

D = 115 MHz at +30 dbm and 
185 MHz Variable 

E = Extrapolation of Point G 

F =Maximum Expected IM Level 
with One Signal at +30 dbm 

30 40 50 

INCIDENT L EVEL IN dbm 

60 

Figure 21. Prediction of Harmonic and Intermodulation Levels for 
Conditions where One Incident Signal Approaches 1 Watt. 

48 



available for testing. Of course the upper limit of linear proportionality 

may be considerably below the absorbed power limit because of energy con-

version to heat. 

If the second harmonic levels of Table V are compared with the inter-

modulation averages of Table VI for equivalent test conditions, an average 

difference in level of 5.9 db is noted. This indicates that the levels 

of the intermodulation products for equal incident signal levels will 

exceed the harmonic levels generated by some 6 db. Diode theory
16 

pre-

diets a 6 db ratio in the direction of the average measurements as corrected 

to the point of generation. The theory further indicates a 9.5 db gain of 

the 2f
1 

± f
2 

or f
1 

± 2f
2 

intermodulation products over the third harmonic. 

Precisely equivalent test conditions were not available for this comparison 

because the third order intermodulation test was performed on tube 47F 

for which no harmonic data are available. Comparison to tube 47C indicates 

a 15 to 17 db ratio which is reasonable considering the variations between 

tubes. 

The data of Table VI were generated primarily to determine parametric 

behavior. The SlW.VDIFF. column presents the ratio of average power levels 

between the sum and difference frequency signals. Parametric activity would 

be indicated by positive ratios in this column. The fact that the ratios 

for plan l are always positive and those for plan 3 are always negative 

indicates that a directivity of signals by frequency is occuring rather 

than parametric mixing. The larger portion of the sum frequency signal 

propagates to the common input port while the larger portion of the difference 

frequency signal propagates away from the common input port. When the two 



input signals are introduced from opposite ends of the coupler (plan 2) 

the mean intermodulation signals at either end of the coupler provide 

positive sum to difference signal level ratios in all cases tested. This 

may be a positive indication of parametric activity even though the ratios 

are barely larger than the estimated measurement error. 

The data from which the averages of Table VI were taken generally 

indicated some degree of correlation between the sum to difference signal 

magnitude and frequency ratios even though the proportion was not exact. 

Such behavior indicates either signal directivity in rough proportion to 

frequency or partial parametric activity. The fact that plan 2 always 

yields positive ratios biases the controversy on the side of partial 

parametric mixing. However, the negative amplitude ratios obtained w·ith plan 

3 are correlated to frequency and average a larger absolute magnitude than 

the positive ratios obtained with plan l. 

One of the major factors leading to the generation of Tables V and VI 

is indicated in the SUM/DIFF. column of Table III. For these averages of 

normalized measured data, the sum to difference magnitude ratios are chiefly 

negative, a situation which is not the direct result of any form of mixing 

presently know·n. It was presumed that the ratios became negative because 

a higher percentage of transmission loss occurred at the sum frequency. 

A common generation point and equal travel in the medium were assumed for 

both the sum and difference signal. Thus the absorption loss for the 

coupler at each respective frequency, having been assumed proportional to 

the losses incurred by products generated within the medium, w·as used to 

generate Tables V and VI. 
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Other factors of latent interest are noted in the data of Tables III 

and IV. Before proceeding w~th these, however, a discussion of the 

peculiarities of the insertion loss characteristics of the various plasma 

configurations is in order. The difference in insertion loss for ac and 

de excitation is only a matter of l or 2 db out of 10 to 50 db of loss. 

The loss appears essentially independent of the signal direction regardless 

of the type of excitation. The difference in the insertion loss for 18 

inch and 47 inch tubes is l to 5 db out of 10 to 50 db of loss. The latter 

fact may seem strange until it is noted that the excitation voltage across 

the shorter tube is on the order of one half the voltage on the larger 

tube for the same current flow. A difference in gas pressure for the two 

tubes is indicated which causes a greater proportion of loss per unit 

length in the shorter tube. 

A difference of 10 or 12 db in the level of second harmonic generation 

is noted with a reversal of the de excitation current using plans 5 or 4 

respectively and tube 47C. The third harmonic level was relatively un­

changed by the same reversal of excitation current. The difference in any 

harmonic level generated using either plan 4 or plan 5 with common excita­

tion lies between 18 and 20 db, a value roughly equal to the average tube 

insertion loss over the frequency band utilized. The value of loss in­

dicates that w·ith either positive or negative de excitation, the majority 

of harmonic generation takes place in the region where the incident wave 

first contacts the plasma media. The measured harmonic has either traveled 

down the plasma column suffering the 18 to 20 db attenuation (plan 5) 

or propagated back to the incident port with little loss (plan 4). If it 
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were assumed that the incident waves traveled the distance of the tube 

prior to creating the product, the measured difference in level between 

plans 4 and 5 would have been tw~ce the insertion loss for the second 

harmonic and thrice the insertion loss for the third harmonic. The 

difference in second harmonic level generated with positive or negative 

de excitation thus appears to stem from a difference in the magnitude of 

second order activity at the two ends of the plasma column for the coaxial 

line coupling technique. Third order activity would appear to be indepen­

dent of the excitation polarity. 

The second order intermodulation products for tubes 47C and 47F 

appearing in Table III indicate a condition similar to that found for the 

second harmonic. Here again, the average tube loss represents the differ­

ence in average intermodulation level between pl~n l and either plan 2 

or plan 3. The levels obtained using the latter two plans are essentially 

equal for equal excitation. Plans 1 and 3 are analogous to plans 4 and 5 

of the harmonic case and are analyzed in an identical manner, keeping in 

mind that both input signals w~ll suffer attenuation with travel in the 

medium. Plan 2, however, is slightly different in that the region of 

primary generation must occur near the end at which the products are 

measured. If it were not so located, both the signal entering through the 

measurement end and the product signal returning to that end would suffer 

the average insertion loss of the tube. The result would be a difference 

of twice the tube insertion loss between the levels from plans 1 and 2. 

It is indeed unfortunate that no positive de excitation values are available 

for plan 2 such that this hypothesis could be further verified. TI1e data 
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for tube 18H is not as well correlated to the 16 db average insertion loss 

of the shorter tube but the direction of the data does not discount the 

results obtained on tubes 47C and 47F. 

An interesting point is noted in the average 3 db reduction in level 

with ac rather than negative de excitation. This is reasonable in that the 

region of primary generation falls on the negative end of the column half 

of the time. The resultant power level should be roughly half since the 

positive end generation is some 10 to 12 db below that of the negative end. 

It should be further noted here that the phosphor coating on standard 

fluorescent tubes does not appear to contribute to the nonlinear 

activity or insertion loss and VSWR characteristics of the plasma medium. 

This is evidenced from the data for tubes 47C and 47F. The former 

was phosphored and the latter was not. All of the 18 inch plasma tubes 

w·ere phosphor coated standard fluorescent tube configurations. 

The harmonic and intermodulation levels measured with the helical 

coupler w·ere performed on tube l8I which is of the same type as tube l8H 

used w·i th the coaxial coupler. This provided a correlation factor between 

the coaxial and helical types of rf coupling to the plasma medium. 

The data shown in Tables VII and VIII indicate that the majority of 

the generated harmonic signals are propagated away from the input port 

for the helical coupler. The differences in average harmonic level for the 

two ends of the coupler varied between 4 and 10 db, depending on the par­

ticular harmonic and mode of plasma excitation. The averages, how·ever, 

were computed for comparison w·i th the coaxial coupler averages and did not 

take account of frequencies above 500 MHz at any harmonic or below 30 MHz 
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at the fundamental. The majority of change in level with direction took 

place at the high end of the band and was oppositely oriented to the general 

trend. The levels of signals traveling the entire length of the helix 

were higher at the low end and middle of the band but much lower at the high 

end of the band. Figures 12 and 13 indicate this high frequency roll-off. 

The result is consistent with an increased absorption loss to the harmonic 

signal at the higher frequencies as evidenced by the steeply rising insertion 

loss characteristic of the coaxial coupler at frequencies above 300 MHz. 

Comparison of the largest harmonic averages obtained w·i th the helix 

and coaxial couplers indicate a 5 db increase in second harmonic, a 13 db 

decrease in third harmonic, and a 4 db increase in fourth harmonic genera­

tion for the helix coupler. The large variations in product level w·i th 

different modes of plasma excitation which w·ere noted for the coaxial coupler 

were not evidenced by the helical coupler. Variations in the average level 

of up to 4 db w·ere the maximum noted for the helical coupler w·i th the 

various excitation modes. 

Comparison of the harmonic data of Table VIII with the intermodulation 

data of Table IX indicates that the intermodulation levels are generally 

larger than the harmonic levels. The comparison of averages does not show· 

the theoretical 6 db difference; however, the warped bandwidth of the 

helical coupler can have a considerable effect on this average because the 

data fall differently w·i thin the frequency range. The coaxial coupler is 

felt to provide a more significant result in this regard. 

The average sum to difference signal ratios for the data in Table IX 

are positive which indicates either signal directivity in proportion to 
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frequency or parametric tendencies. Since the data were obtained for plan 

3 only, there is no indication as to which is the true cause for the positive 

ratio. The noted directivity of harmonic products lends increased consider­

ation to the theory of signal directivity in proportion to frequency. In 

passing, it is interesting to note that the level of the sum product for 

the 115 MHz and 185 MHz input signals w·ith positive de excitation falls on 

curve E in Figure 21 as was predicted from the maximum measured harmonic 

level for the helical coupler. 

The majority of tests run on the engine exhaust were performed before 

the large noise components generated by the ignition arc were discovered. 

All of those which were run with the arc energized are subject to doubt 

as to the harmonic content present in the results. 

There was oblique evidence that harmonic generation occurred in the 

exhaust. The second harmonics appeared to be at least 80 to 90 db below 

the applied signal. At first glance, this indicates a much lower degree 

of nonlinear activity than was evidenced by the glow discharge plasmas. 

However, considerably less pov.rer was being coupled into the plasma as the 

insertion loss directly attributable to the influence of the exhaust was 

on the order of 0.5 db or less, whereas the insertion loss caused by the 

glow discharge was 10 db or more. 

There has been speculation that the levels required for efficient 

nonlinear activity within plasma media do not exist in close proximity 

to a launch vehicle during liftoff and flight. It might be noted that 

the Saturn carries a 5 kw· peak power radar altimeter and a 400 watt C­

band beacon in addition to several 4 to 20 watt transmitters. A rough 
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calculation of the electric field strength at zero dbm for the glow dis­

charge couplers yielded a maximum incident strength of 0.112 volts per 

em. Strengths of this magnitude could be produced by the 5 kw altimeter 

at distances to 200 meters from the antenna in the direction of the rear 

of the vehicle. Though this might produce nonlinear activity in the exhaust 

plasma of the rocket) a more inherent danger exists through nonlinear 

activity generated in antenna breakdown corona) or other plasma media which 

may engulf the receiving and transmitting antennas of the vehicle. Break­

down of transmitting antennas in rarefied or plasma laden atmospheres is 

considered a factor in data transmission loss) and being a glow discharge) 

could create an efficient nonlinear mixing medium in addition. Its close 

proximity to the receiving and transmitting antennas would most assuredly 

present interference potentialities in a crowded spectrum. 

D. Criteria For Full Scale Tests 

In order to test for nonlinear activity in the flame or other plasma 

media during the flight of a vehicle) a receiver with high rejection to 

spurious and intermodulation responses must be utilized as a frequency 

sensitive voltmeter aboard the vehicle. At least one such receiver should 

"look" directly into the flame from a position near the rear of the vehicle. 

Another should have its antenna in the neighborhood of the other vehicle 

receiving antennas. The sensitivity of the receivers should be equal to 

or better than that of receivers normally aboard the vehicle. The receivers 

should be fixed-tuned to a frequency which may result from the intermodula­

tion of tw·o or three of the more powerfully transmitted signals orig~nating 
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on board the vehicle. 

The detected output levels of the receivers should be recorded aboard 

the vehicle and transmitted to the ground via a data link after a moderate 

time delay. The delay will assure that any activity which occurs during a 

period of data dropout w~ll not be lost. Since it is very likely that 

nonlinear activity will be highest during dropout periods, some delaying 

technique is required to assure detection. 

The ground receiving station should record the delayed signal from the 

vehicle as level versus flight time so that any intermodulation detected 

may be correlated to other events occurring during the flight. Tests 

should be made prior to ignition to determine the ambient level of inter­

modulation and the proper operation of equipments. 

A typical test condition might be the measurement of the second order 

intermodulation product between the altimeter beacon at 1610 MHz (f1 ) 

and the ODOP at 960 MHz (f
2

). The detection receivers aboard the vehicle 

could be tuned to the difference frequency signal (f
1 

- f
2

) occurring at 

650 MHz both at the rear of the vehicle and in the region of the antennas. 

The output of each receiver would be delayed and transmitted to the ground 

via data link where the output of each receiver would be recorded as level 

in dbm versus flight time. These level indications would occur as pulses 

at the altimeter repetition rate in that the interference signal could be 

generated only when the altimeter was transmitting. 

The relative levels indicated by the tw·o receivers would indicate 

where the nonlinear activity was occurring. The relationship between 

these levels and the time of flight would indicate the source of the 
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intermodulation. Larger signals from the rear constitute flame mixing while 

larger levels at the antennas indicate a plasma sheath or antenna break-

down, depending on the time of flight as compared to data dropout and 

other recorded phenomena. 

It may be practicable to monitor tw'O intermodulation products simulta-

neously either using tw'O separate receivers at each location or switching 

one receiver between two frequencies at a specified rate. If so, the third 

order product between the ODOP at 960 MHz (f
1

), the UDOP at 900 MHz (f
2

), 

and the altimeter at 1610 MHz (f
3

) might be measured. This results from 

tuning the detection receivers to the pulsed (f
1 

+ f
2 

- f
3

) product at 

250 MHz and handling the resulting data in the manner prescribed above. 

Alternate arrangements might include additions of transmitters other than 

those normally aboard the vehicle which could be aimed directly into the 

flame. 
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III. CONCLUSIONS AND RECOMMENDATIONS 

The coupling techniques developed for this study provided for wideband 

testing of the nonlinear generating properties of plasmas. The variation 

of harmonic and intermodulation product levels with changes in input level 

as well as the comparison of average intermodulation and harmonic levels 

has indicated a close correlation between common diode mixer and plasma 

nonlinear behavior. Extrapolation of the measured data has indicated that 

conversion losses of only 12 db might be expected from a plasma medium 

when one of the intermodulating signals has a level of +30 dbm. Special 

test data indicate that either a directivity of signal in proportion to 

frequency or a semiparametric form of mixing occurs as a result of pro­

pagation of electromagnetic waves in plasma media. They also evidence 

varying degrees of absorption of the product signals by the plasma media 

after generation. The efficiency of nonlinear generation in plasma media 

as well as the degree of directivity and reabsorption of generated products 

appears to be dependent upon the polarization of the incident signals. 

Though problems were encountered in coupling rf into a flame plasma, 

sufficient coupling yas obtained to give a clear indication of second 

harmonic generation w·ithin the flame. As a result of this study, it is 

felt that plasma media could become a source of interference due to the 

formation of harmonic and intermodulation signals through the propagation 

of electromagnetic waves within the medium. This is considered a definite 

possibility when the plasma media will engulf the antennas of the vehicle 

as in the case of antenna breakdown corona. 
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Full scale testing w·ill involve considerable expense in that the on­

board receivers must be of a quality comparable with a noise and field 

intensity meter. It is recommended that further laboratory tests be con­

ducted prior to in flight testing in order to more closely model the full 

scale situation. In this regard, more efficient coupling arrangements 

should be developed so that a large percentage of the applied signal is 

absorbed by the exhaust plasma. The techniques of frequency scaling by 

seeding should be investigated so that an accurate accessment of the degree 

of scaling may be determined and radiated measurement techniques employed. 

In addition, studies of the electron concentrations in the various Saturn 

exhaust plumes should be investigated and made available so that the re­

quired degree of seeding may be calculated for scaling purposes. The 

limits of linear proportionality with increasing input level should be 

experimentally determined prior to the expense of full scale tests since 

this is a basic assumption in the consideration of nonlinear generating 

efficiency. A study of antenna breakdown corona should also be conducted 

to determine the generating properties of this medium. 
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V. APPENDIX 

A. Philosophies of Measurement 

In order to obtain a reasonable evaluation of the nonlinear activity 

in a medium, the utilized (absorbed) incident signal power as well as the 

total product signal power must be measured. A technique which accounts 

for all the incident signal pow·er must obviously be used. For the fre­

quency range of interest in this study (10 MHz to 1000 MHz) the require­

ment was most easily accomplished through the us2 of "in-coax" coupling 

techniques which contain' all of the electrical energy and allow for its 

measurement at specific ports. In addition to e ~ectrical containment, the 

coupler must provide a very broadband coupling characteristic in order 

that parametric tendencies might be adequately evaluated. 

In the parametric mixing case, the sum and difference frequencies 

produced by a given product w·ill occur at pow·er levels proportional to the 

frequency of the particular signal. The existence of a parametric tendency 

can be determined if the power levels of both the sum and the difference 

frequency signals of a given mix can be measured accurately enough to 

correlate the frequency and power ratios. The larger the frequency ratio 

can be made, the greater the ratio of power levels will become for the 

parametric case. With an overall pow·er measuring accuracy of ±2 db, the 

frequency ratio must be at least 5 to l or larger. Ratios larger than this 

provide for a greater degree of confidence in the measured results and w·ere 

therefore desired in this study. 



B. Coupler Development 

The investigation of techniques for the broadband coupling of rf 

signals into a plasma medium was the most time consuming task undertaken 

in this study. Two suitable coupling techniques were developed using glow 

dis-charge in argon as a convenient source of plasma. The glow discharge 

tubes used for this purpose were 8 watt, 15 watt, and 40 watt fluorescent 

tube configurations, both with and w·i thout phosphor, excited by controlled 

direct and alternating currents. 

The first coupling ,technique attempted utilized the plasma column 

as the center conductor of a 2 1/2 inch, 50 ohm coaxial line. Each end 

of the plasma tube was terminated through a taper-transition unit to a 

type N panel jack. The terminating units were arranged to slide on finger 

stock into the ends of the outer conductor- such that tubes of various 

lengths might be accomodated. The construction details of the taper­

transitions showing the chokes used to admit the glow discharge ignition 

and sustaining currents are shown in Figure A-1. The coaxial line resulting 

from this configuration provided a useful 50 ohm match over the frequency 

range from 10 MHz to 700 MHz as indicated by the VSWR and insertion loss 

curves shown in Figure A-2. These data were obtained using a 47 inch 

copper center conductor in place of a plasma tube to check the behavior of 

the taper-transition end units. 

The VSWR and insertion loss values were measured at selected fre­

quencies betw·een 10 :MHz and 1000 :MHz for several 4 7 inch and 18 inch 

plasma tubes. TYPical values for these quantities are shown in Figures 
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A-3 and A-4. In general, the useful bandwidth ranged from 10 MHz to 500 

MHz for this coupler. The reflection loss at each terminal was derived from 

the VSWR measurements and subtracted from the measured insertion loss to 

provide a curve of the absorption characteristic of the plasma. Curves of 

reflection loss and absorption loss are shown in Figures A-5 and A-6. 

These curves are necessary for correcting subsequent measurements of 

intermodulation or harmonic level to arrive at the generating properties 

for the plasma medium and the true rejection values for the various harmonic 

and intermodulation products. 

The coaxial coupler provided for excellent bandwidth and a high 

degree of power absorption by the enclosed plasma. However, the technique 

is totally unsuited for application to a flame plasma w·i th a shock structure 

and a high temperature. The investigation of suitable techniques for 

coupling rf signals to a flame plasma was initiated by studying the in­

fluence of a glow· discharge plasma on the coupling between two loops. 

Two multi-turn loop couplers were constructed around an 8 watt argon 

plasma tube. The change in coupling between the loops due to the tube 

being in the "ON'' state as opposed to the "OFF" state was measured as a 

function of frequency and spacing between loops. The coupling change 

was measured from 900 MHz to 4000 MHz at three different spacings. The 

generalized behavior follow·ed roughly the same pattern at each separation. 

In some frequency regions a decrease in coupling ( 8 to 10 db) occurred 

while in other regions an increase of similar magnitude was observed. 

The coupling change as a function of spacing betw·een loops was measured at 

selected frequencies. The results were erratic and inconclusive. At 
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certain frequencies_, no change in coupling was evident while at other fre­

quencies as much as 10 db variation was noted. 

Since the couplers are essentially antennas_, the energy coupled from 

one to the other is a function of their radiation patterns at the particular 

frequency of investigation. The plasma appears as a good conductor in some 

frequency ranges. In these ranges_, the radiation patterns of the loops 

will be altered by the plasma connecting the loops. The change in coupling 

between the two loops upon the addition of the plasma is due to the effect 

of absorption by the plasma and to the modification of the radiation 

patterns of the loops. The separation of these two factors is a difficult 

process. 

A helical structure was the next coupler to be investigated. The 

coupler was constructed by wrapping a spiral of wire around an argon plasma 

tube and then mounting the tube along the axis of a 2 1/2 inch copper pipe. 

Both ends of the coil were brought out through the wall of the pipe via a 

tYIJe N panel jack. The distance between centers of the panel jacks was 

10 em. Over this distance coils of 10_, 20_, and 30 turns were constructed 

and tested. 

Figure A-7 shows the measured insertion loss of the 30 turn coil alone_, 

i.e._, the plasma tube not energized. The insertion loss is primarily 

caused by impedance mismatch as is evidenced by the close correlation 

between the insertion loss and VSWR curves. Figure A-8 shows the greatly 

improved impedance behavior when the tube is energized. Less than 2 db 

of the insertion loss is ~ue to mismatch from 400 MHz to 2000 MHz. The 

helix performs well as a coupler to the plasma in this same frequency 
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range. The attenuation is on the average about 15 db which represents a 

power absorption of 97% by the plasma. 

The insertion loss measured through the helix may be due, all or in 

part, to three causes. Mismatch loss has been established as not being a 

major portion of the measured quantity. Actual absorption by the plasma 

is the desired result. Since the above measurements w·ere performed with 

the ends of the copper cylinder electrically open, there existed the 

possibility that the power was radiated out the ends. To establish whether 

or not this was the situation, covers for the ends were fashioned from 

copper foil and tightly secured. The VSWR looking into the coil was 

measured w·i th the covers in place. It was assumed that if the field 

configuration inside the cylinder was compatible with radiai;;ion from the 

ends, then the presence of the foil covers would change the configuration 

and shift the VSWR-frequency curve. Figure A-9 shows no significant difference 

in the VSWR curves under both conditions up to 2300 MHz. 

The actual input impedance was examined more closely for all three 

(10, 20, and 30 turns) coils. The impedance into one end of the helix was 

measured with the other end terminated in 50 ohms. The VSWR for the 10-

turn coil oscillated about 2.5:1 from 900 to 2000 MHz. The 20 turn coil 

exhibited a low·er VSWR over a narrow·er bandw·idth. The impedance of the 20 

turn coil was less than 50 ohms in the region of best match. The 30 turn 

coil was constructed in an attempt to raise the impedance, but no significant 

change in match was obtained. The impedance of the 30 turn coil was found 

to vary from 95.7 /55° ohms at 450 MHz to 49.4 /62.2° ohms at 1000 MHz to 

29.2 /12.9° ohms at 1800 MHz. 
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The VSWR at selected frequencies for open and short circuit termina­

tions were compared to that for a 50 ohm termination. Typically the short 

circuit termination resulted in the lowest VSWR of the three. 

Another coaxial coupler configuration was constructed to accomodate 

a larger plasma tube. A 15 watt argon plasma tube was positioned in the 

center of a 2 l/2 inch copper pipe. The pipe was made long enough to allow· 

each end of the tube to be no closer than one foot from either end. Four 

type N panel jacks were mounted 10 em apart on the wall to provide access 

over different ionization regions along the plasma column. 

Tests were performed on a uniformly wound coil placed at two positions 

along the tube; one near one end of the tube and the other near the center. 

The coil consisted of 16 turns over a total length of 10 em~ Attenuation 

and VSWR measurements were made on the coil betw·een two different pairs of 

ports. Figure A-10 show·s how· the attenuation varied with frequency when the 

coil was positioned between ports 2 and 3. (Port l is located so that its 

center lies about l em from the end cap of the lamp.) Comparing these 

results w'ith those of Figure A-7, the greater absorption of the larger tube 

is evident over the frequency range of 500 MHz to 1500 MHz. Over this 

same range, the pow·er absorption by the plasma was in excess of 99%. 

The impedance variations at each terminal of the coil are shown also 

in Figure A-10. Some improvement over the coil of Figure A-8 can be seen 

below 500 MHz but the overall bandw·idth is reduced. 

Another helix was wound with a logarithmic spacing of the turns over 

a length of 20 em. Measurements were made on the coupler with ac and de 
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excitation of the plasma. The de tests were made both w'ith the coil spanning 

the dark regions and spanning only the positive glow column. 

Figure A-ll demonstrates the performance of the coupler with ac excita­

tion. On this figure) the curve labeled ''1" represents data taken at port 

1 which was at the open end of the logarithmic helix. The impedance match 

at port 1 exhibited an improved frequency performance over the impedance 

at port 3. Even considering the VSWR excursions betw·een 1000 MHz and 2000 

MHz) the attenuation up to 1800 MHz is primarily due to absorption by the 

plasma column. 

Similar measurements w·ere made with de excitation. Figure A-12 shows 

the attenuation and VSWR performance of the coupler with the electrodes 

near port 1 as the negative terminal. The impedance variattons are much 

more extreme than with ac excitation. A large peak in insertion loss 

occurs near 1700 MHz and is probably due primarily to the severe mismatch 

in this region. Note that) in general) the insertion loss (and absorption) 

is slightly less than w'ith ac excitation. Figure A-13 shows that the 

performance when terminal 1 is positive is not greatly different than when 

negative. The parallel performance with both polarities is probably because 

the length of the helix is sufficient to extend beyond the dark region well 

into the glow regions. 

The results of tests to this point indicated that a helix coupler was 

a usable technique for performing experimental evaluations of various 

types of plasmas. Since the coil does not make actual contact with the 

plasma medium) it can be used for comparison studies on glow discharge and 

flame plasmas. 
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Prior to evaluating the helix as a coupler to a plasma generated 

by an oxygen-hydrogen rocket engine, preliminary tests were run using 

probes in a low·er temperature flame. A device consisting of l l/4 inch 

copper tubing with electric field probes extending into the center was 

constructed to permit a signal to be coupled in and out of a flame column. 

The coupling between the two probes in the absence of a flame was measured 

from l MHz to 1000 MHz. From 400 MHz to 1000 MHz, the attenuation character­

istic was that typical for a waveguide below cutoff, as can be seen on 

Figure A-14. Below· 400 MHz, the attenuation exhibited a 6db/octave 

decrease w·i th frequency. 

A flame column produced by a propane torch was directed up the axis 

of the tube so that both probes penetrated w·ell into the flame. The flame 

alone caused little variation in the coupling betw·een the loops. Rock salt 

(NaCl) was placed in the nozzle of the torch in such a position that it 

was ionized by the flame. The fuel was adllusted so that an even, yellow 

flame resulted. When the probes were coupled w·i th this more highly ionized 

flame, the coupling was raised at frequencies below· 100 MHz. The coupling 

between the probes increased 40 db at l MHz in the presence of the ionized 

sodium flame; the increase was 20 db at 10 MHz w·i th very little change 

noted above 100 MHz. The coupling exhibited as much as 10 db variation 

w·ith normal flame fluctuations. Maximum coupling occurs w·hen the largest 

number of sodium ions are released. The numbers quoted for l and 10 MHz 

are the minimum increases in coupling that occurred at those frequencies 

upon application of the flame. 

83 



140 

120 

100 

...c 
""0 80 
~ 
z 
Q 
~ 
<{ 
::::> 
z 
w 
~ 60 

co ~ 

+ <{ 

40 

20 

--FLAME - .... -.. _____ .,. ..... ------ ....... --- .............. 
..... ____ ... ~ 

10 100 

FREQUENCY IN MHz 

Figure A-14. Attenuation Versus Frequency Between Two Electric Field 
Probes Coupled in a Flame. 

1000 



Electric field probes may be used as a coupling technique for use with 

low· temperature flames such as that produced by the propane torch. The 

temperatures generated in the oxygen-hydrogen flame are sufficient to melt 

most conventional probe materials. For this reason the helix coupler was 

deemed to be more appropriate for making measurements on the small rocket 

exhaust. 

A coaxial type coupler was constructed similar to the one found useful 

w·ith the argon tube experiment. A 6 3/8" I.D., 3 foot long aluminum pipe 

was used as an outer conductor. The pipe was positioned to axially align 

w·i th the rocket nozzle. A helical coil w·i th both ends terminated in a 

type N panel jack was positioned in the pipe to enclose the path of the 

exhaust. 

The visible portion of the exhaust was estimated to be 14 to 18 inches 

long. A coil was constructed of No. 12 solid copper w~re to a length of 

16 inches. A 5-second run of the engine melted the soldered connections 

to the rf connectors and melted the coil at one point. Another coil was 

constructed of 1/8 inch, O.D., copper capillary tubing that had a 0.07 inch 

diameter hole in the center. This coil also experienced excessive heating 

during a 5-second run even though water was forced through the tubing. 

The next coil was constructed of 3/16 inch, O.D., copper tubing with 

approximately 1/8 inch I.D. The length was shortened to 8 inches and a 

water line attached to the end of the coil nearest the rocket provided 

adequate cooling for runs as long as 20 seconds. 

A powder feed unit was obtained to investigate the effects of seeding 

the exhaust. The feed unit consists of a cylinder which holds the pow'der 
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of the seeding material. A vibrator keeps the pow·der from packing which 

would stop the pow·der flow·. An inert gasJ such as dry nitrogenJ is used 

as the carrier to transfer the pow·der to the exhaust plume. A dry nitrogen 

supply with a proper pressure regulator was procured along with a solenoid 

valve w·hich permitted remote control of the feeding. Photographs of the 

rocket engineJ the feed unitJ and the coupler appear in Figure A-15. 

Two coupling techniques w·ere developed during the course of this 

study. The coaxial line and helix couplers provided good power transfer 

to argon glow· discharge over a total range from 10 MHz to 1000 MHz. No 

comprehensive data are presently available indicating the effectiveness 

of helix coupling to small flame plasmas. 
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a. ENGINE 

b. COUPLER 

Figure A-15. Photographs of the Oxygen-Hydrogen Rocket Engine 
and the Helix Coupler. 




