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ABSTRACT 

A TECHNIQUE FOR DETECTING AURORAL 

PLASMA OSCILLATIONS 

R. Jerry Jost 

An instrument designed to measure AC electric fields 

associated with plasma density fluctuations has been devel¬ 

oped and flown into a turbulent auroral ionosphere aboard 

a sounding rocket. The instrument incorporates an antenna 

system with a swept frequency spectrum analyzer having a 

frequency range of 100 kHz to 10 MHz. Laboratory calibra¬ 

tion has produced an input/output response for measuring 

uniform electric fields with field strengths in the range 

of approximately 50-1500 yvolts/meter. Theoretical con¬ 

siderations suggest that a turbulent auroral plasma may con 

tain large density waves with field strengths within the 

instrument's operational range. However, preliminary re¬ 

sults from a flight into active aurora indicate no field 

enhancement above detection threshold at the expected 

plasma frequency. 
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1. INTRODUCTION 

A plasma at thermal equilibrium possesses many small 

amplitude electrostatic waves with a variety of wave num¬ 

bers and frequencies. Statistical studies indicate that a 

substantial portion of the thermal fluctuation energy 

resides in wave modes oscillating near the plasma frequency. 

When such a plasma is subjected to a beam-like distribution 

of electrons it is possible for these plasma frequency wave 

modes with phase velocities nearly equal to the beam veloc¬ 

ity to interact with the beam and grow large in amplitude 

through a wave-particle interaction. It is theorized that 

these processes are operating in the ionosphere and magnet¬ 

osphere, and may contribute to the acceleration of a portion 

of the auroral electrons. An experimental attempt to 

establish the existence of large electrostatic plasma waves 

in a turbulent auroral plasma is described in this thesis. 

The following chapters discuss the operation, calibra¬ 

tion, and flight results of a rocket borne electric-field 

spectrum analyzer. The spectrum analyzer was developed to 

measure high frequency electric fields in the spectral 

range of 100 kHz to 10 MHz which brackets any anticipated 

plasma wave frequencies during the 250 km apogee flight. 

Theoretical expectations are also discussed and compared to 

the experimental results. The scope of the theory is re¬ 

stricted to the growth of Langmuir waves because of their 

general importance and simplicity, although the spectrum 
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analyzer will respond to other large plasma instabilities 

such as ion acoustic, or electron cyclotron wave insta¬ 

bilities. 
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II. THEORETICAL CONSIDERATIONS 

A popular contention is that magnetic field aligned 

electric fields may be responsible for the acceleration of 

auroral electrons. It has also become customary to assume 

that anomalous resistivity is responsible for maintaining 

these DC fields. However, Block and Falthamar (1975) point 

out that anomalous resistivity is only one of several mech¬ 

anisms that may be operating on auroral field lines, either 

separately or in combination, to produce and maintain these 

electric fields. Furthermore, Papadopoulos (1976) argues 

that anomalous resistivity alone may be produced by an as¬ 

sortment of plasma instabilities. The options are plenti¬ 

ful and experimental evidence supporting any of these mech¬ 

anisms is somewhat limited. In an attempt to aid in the 

clarification of this confusion this experiment has been 

designed to search for evidence of anomalous resistivity as 

an acceleration mechanism in the auroral ionosphere. Of 

particular interest is the type of resistivity suggested by 

Papodopoulos and Coffey (1974a,b) which is generated by an 

energetic field aligned electron beam (5-20 keV) penetrating 

the ionospheric plasma. Certain thermal plasma waves are 

enhanced by the beam through beam-particle interactions and 

can grow to thresholds where they decay into parametric 

instabilities. The original primary wave acts as a pump 

wave giving its energy to another plasma wave and a low fre¬ 

quency ion acoustic wave. A quasi-steady state is quickly 
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established and the low frequency ion acoustic wave inter¬ 

acts with the thermal electrons producing the anomalous 

resistance. The details of the process are not important 

to this discussion but their effects are responsible for 

the experimental motivation. 

More pertinent here is a basic description of the 

primary plasma wave which is to be detected. At thermal 

equilibrium a plasma possesses a wide range of density os¬ 

cillations in both frequency and wave number. The results 

of calculations done be Dougherty and Farley (1960) are 

diagrammatically presented in Figure 1 showing the spectrum 

of thermal density fluctuations for electrons. This repre¬ 

sents only one wave number, therefore, when the entire 

spectrum of wave numbers is considered there are many wave 

modes oscillating at about the plasma frequency. Each wave 

mode has an electrostatic field associated with the density 

fluctuations thereby providing a detectable quantity. 

For large thermodynamic systems with many degrees of 

freedom the fluctuations in density, electric fields, ener¬ 

gy, etc. can be treated very nicely with statistical mech¬ 

anics. Using this technique Rostoker (1961) and Montgomery 

and Tidman (1964) investigate the average energy fluctua¬ 

tion of the thermal electric field per unit volume of a 

neutral plasma in the limit that the number of degrees of 

freedom, N, approach infinity for the system. When the 

plasma is in thermal equilibrium, each long-wave (klD << 1) 

mode carries about KT/2 of energy. Integrating over all the 



Figure 1. Spectrum of the thermal density fluctuations of 
electrons in a collisionless plasma (from Dough 
erty and Farley, 1960). 



modes to some cut-off wave number they obtain the expres¬ 

sion 

5 

r“<E'E> ■ •(TSF(KT/2>ïïk£ • (1> 

This expression disregards part of the wave number spectrum 

because of divergence problems encountered, in a more thor¬ 

ough analysis, when the wave numbers correspond to the 

inverse Debye length (kXD “ 1). The shorter wave modes con¬ 

tribute differently and are ignored by this model which 

describes the collective effects of fluctuations with X > XD« 

For systems where N -*■ 00, such as the auroral plasma, ensem- 

ble fluctuations are small and <E*E> - <E> suggesting the 
4- | J 4 4~ ' 

thermal electric field may be estimated by |E| * /<E*E>. 

Accepting these arguments provides some guidelines for de¬ 

signing electric field probes that respond to E. 

The adjustable parameters in Eq. (1) are k , and 

XD(ne). Because of the characteristic dimensions of the 

rocket assembly and the electron number densities typi¬ 

cally found in the auroral plasma it is easy to show that 

^max^D <<: an<^ can ignored in the equation. With this 

assumption the thermal electric field is easily calculated 

for various temperatures and cut-off wave numbers as shown 

in Figure 2. In attempting to detect thermal oscillations 

the antenna dimensions and/or payload dimensions determine 

the cut-off wavelength by their interactions with the 

plasma. An optimistic limit for the minimum wavelength 

detectable by a rocket borne experiment is the order of a 
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meter which requires a sensitivity of a few microvolts. 

This is technically feasible and is attempted with this 

experiment. 

Initiation of a wave growth for the waves under consi¬ 

deration requires that an energetic electron beam precipi¬ 

tate through the ambient plasma and interact with a thermal 

wave mode. In a one dimensional discussion, wave modes with 

phase velocities (to/k) slightly less than the beam velocity 

interact with the beam by slowing the electrons and gaining 

energy at their expense. Energetic field aligned electron 

fluxes are routinely observed during active aurora (e.g., 

Reasoner and Chappell, 1973; Anderson and Vondrak, 1975) and 

have been found (in some cases) to satisfy the wave growth 

requirements of Papodopoulos and Coffey (1974a,b). They 

suggest that the unstable wave electric fields could grow 

to the order of Vbean/V thermal above the thermal noise. 

Typical auroral plasma velocity values give a wave enhance¬ 

ment of greater than 100 times the thermal noise with wave¬ 

lengths much longer than any payload dimension. This im¬ 

plies field magnitudes of a few hundred microvolts which is 

well above the sensitivity threshold of ordinary receivers 

and should be easily detectable. 

A more complete theoretical discussion is reserved for 

later works and is beyond the objectives of this report. 

This brief introduction is presented as justification for 

the experimental endeavors discussed in the following 

chapters. 
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III. DESCRIPTION OP THE EXPERIMENT 

A. Instrumentation 

The electric-field spectrum analyzer package incor¬ 

porates a pair of short antennas with a swept frequency 

spectrum analyzer as depicted in Figure 3. Titanium alloy 

antennas are permanently mounted (through insulating 

mounts) to the outer skin of the rocket payload and provide 

the coupling between external electric fields and the 

instrument's electronics. The antenna orientation is such 

that the analyzer responds mainly to the component of the 

external electric field that is perpendicular to the rocket 

spin axis. High impedance preamplifiers are capacitively 

connected to the bases of each antenna and measure their 

effective potentials as referenced from the payload skin. 

During construction the preamplifiers are balanced and 

the antennas adjusted so that uniform external fields will 

produce the same magnitude measured potential, but of 

opposite polarity at the preamplifiers' outputs. These 

signals are then input to a differential amplifier. Figure 

4 shows the effective operational technique of the antenna 

system. 

The differential amplifier inverts one input, sums 

it with the other, and amplifies the sum providing a high 

level signal to the frequency analyzer circuits that is 

directly proportional to the external field in the vicinity 

of the antennas. This technique is intrinsically very 



Figure 3. Electric field analyzer package 
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sensitive to low level signals and will respond to micro¬ 

volt differentials at the preamplifier inputs. Calibration 

of the instrument in an external field in free space shows 

a minimum resolvable electric field strength of ^ 50 pvolts/ 

meter and a dynamic range to ^ 1500 yvolts/meter. A com¬ 

plete discussion of the calibration procedure and results 

is given in section IV. 

Further amplification and spectral segregation of the 

differential amplifier output is performed by the frequency 

analyzer section of the instrument. The circuitry is the 

same as that used in the frequency analyzer sections of the 

electron modulation detectors thoroughly discussed by Lowen- 

stein (1970, 1973), Murphree (1973), and Spiger et al.(1974). 

Its operation will be summarized here to provide an under¬ 

standing of the signal processing and to establish a quali¬ 

tative relationship between the input and output signals. 

The complete antenna-analyzer system is shown in a 

simple block diagram in Figure 5 which also includes the 

waveforms and relative amplification at various stages. 

The output signal of the differential amplifier is heter¬ 

odyned with the output of a local oscillator that sweeps 

the frequency range of 30-40 MHz at a rate of 35 msec/sweep. 

By passing the mixed signals through a 30 MHz ± 50 kHz fil¬ 

ter the lower sideband is retained when the external input 

signal is in the 0-10 MHz range with the constraint that the 

difference between the oscillator frequency and the external 

signal frequency equals 30 MHz. Using this technique, the 
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Figure 5. Differential analyzer block diagram. 
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external field frequency being analyzed at a given time is 

the local oscillator frequency minus 30 MHz. External fields 

in the 60-70 MHz range can also heterodyne with the 30-40 

MHz sweep frequencies and produce 30 MHz lower side band 

image signals that would appear to be from 0-10 MHz sources. 

However, the amplifiers preceding the mixer rapidly attenu¬ 

ate signals with frequencies greater than 10 MHz. Low 

pass filters in the early amplification stages also help to 

ensure that the image signals are removed. 

After the heterodyning to 30 MHz and a subsequent nar¬ 

row band amplification the signal is heterodyned again with 

a 29.5 MHz oscillator to obtain a more narrow overall fre¬ 

quency bandpass. This produces a 500 kHz ± 25 kHz signal 

which is amplified by a logarithmic compression amplifier 

that extends the dynamic range beyond that available with 

linear amplification. The signal is then detected with a 

diode-capacitor rectifier and DC amplified providing a DC 

output voltage ranging from 0-5 volts. The DC output drives 

a 93 kHz voltage controlled oscillator (VCO) into an FM 

mixer where it is mixed with the telemetry carrier wave. 

An idealized output display is represented in Figure 6. 

Frequency markers are injected into the spectrum at zero and 

10 MHz to provide references for establishing frequency val¬ 

ues of detected signals. The frequency scale is almost lin¬ 

ear and is correlated to the time dependence of the sweep 

generator. The linearity of the frequency scale is a cali¬ 

bration parameter discussed in the following chapter. 
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B. Theory of Operation 

The theory of operation for the differential antenna 

system is similar to double probe techniques popular with 

experimenters measuring DC fields via rocket and satellite 

instruments. This technique may be visualized as measur¬ 

ing the plasma potential at two locations with high-impe¬ 

dance probes and dividing the potential difference by the 

separation distance of the probes to determine the electric 

field (Fahleson, 1967). Large separation distances (several 

meters) have historically been used for DC measurements to 

increase overall instrumental sensitivity to very weak 

fields. However, this instrument was limited to small 

characteristic distances (< 1 meter) by mechanical con¬ 

straints that required short indestructable antennas to be 

mounted externally. Also, in this case it is desirable to 

keep antenna dimensions small since the thermal wave modes 

have wavelengths ranging upwards from a few Debye lengths 

UD - ^cm) . Wave modes with wavelengths much less than 

the antenna lengths tend to be screened from detection. 

Therefore, with short antennas 10 cm) and high sensivity 

preamps it is conceivable that the thermal oscillation level 

of the plasma line could be detectable. By knowing the 

antenna response to electric fields and the preamp sensitiv¬ 

ity a reasonable estimate of the minimum resolvable field 

can be made. 

Weeks (1964) presents a derivation for calculating the 
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voltage at the terminals of a short wire antenna using the 

receprocity theorem. Portions of the derivation can easily 

be adapted to the rocket antenna system. If the antenna 

length is small enough that the external field does not 

change significantly along any antenna orientation, the open 

circuit voltage is given by the following integration along 

the antenna length, 

Voc ' -T.lhx • t2> 

I(x) = I0f(x)x where f(x) is the current distribution along 

the antenna as it would be if the system were used as a 

transmitter and tends toward sinusoidal on thin wire anten¬ 

nas. E
ext is expressed in volts/meter and is the field that 

would exist in the absence of the antennas. 

For the present discussion free space electrostatic 

fields will be considered and the consequences of plasma 

electric field measurements will be discussed later. Know¬ 

ledge of the spatial dependence of the field near the an¬ 

tenna is quite important when applying Eq. (2) . As a 

first approximation, consider the external field to be 

analogous to a static field. This is reasonable with the 

restriction that the wavelength be much larger than the 

payload dimensions. Also, the conducting surfaces provide 

an area large enough to presumably allow charge redistri¬ 

bution without self-inductive inhibition, enabling the rock¬ 

et-payload assembly to be an equipotential. In this limit, 

the external field near the antennas is essentially perpen- 
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dicular to the rocket spin axis for any arbitrary angle be¬ 

tween the field and rocket as shown in Figure 7. However, 

the perpendicular field directions change from radial to 

quasi-transverse as the external field (at large r) changes 

direction from parallel (0 = 0) to perpendicular (0 = ir/2) . 

Figure 8 qualitatively demonstrates this transition at the 

cross section plane of the antennas. The potential differ¬ 

ence between the antennas depends on differences in field 

strength and direction at the antennas. For parallel exter¬ 

nal fields both antennas have the same potential giving a 

zero output. Conversely, the largest relative potentials 

are measured when the external field is perpendicular. 

Considering the perpendicular case will suffice for 

a general understanding of the theory. By allowing the 

external field to be uniform, the field near the conducting 

cylinder of radius, a (considered to be infinitely long) is 

easily determined as a boundary value problem with the 

solution 

2 2 
E(r,<f>) = E [ (1 + frz)cos<|>£ + (f^ - l)sin<Ml 

or r 

(Refer to Figure 9). Since the antenna locations are not 

near the ends of the cylinder and their lengths are much 

less than the cylinder, this equation gives a good approxi¬ 

mation to the field in the antenna domain. 

According to Eq. (2), the antenna system will respond 

to only the radial component of the field, i.e., 

Effective = Eot1 + jrz)cos<|> . 



Figure 7. Equipotentials around the conducting rocket asseinb- 
ly for an arbitrary angle 0. Field is perpendicu¬ 
lar in the antenna region. 



Figure 8. Qualitative depiction of field in cross section 
plane of antennas for various external field 
(r large) angles. 



Ee(r large) 

E(r,<f>) = EoI(l <) cos(J)r + far? — 1) sincf><f>] 

Figure 9. Distortion of a uniform E-field due to an infinite 
conducting cylinder perpendicular to the field 
lines. 
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Therefore, the "swept back" antennas can be assumed to be¬ 

have as linear wires perpendicular to the spin axis with a 

length a. (It is only coincidental that the perpendicular 

length of the antennas is equal to the radius of the pay- 

load) . Using this with an assumed current distribution, the 

open circuit voltage is easily determined. A model of the 

antenna system used in this calculation is shown in Figure 

A reasonable approximation to the current distribution 

for a short antenna, as pointed out by Weeks (1964) , is a 

linear decrease from a maximum current at the center to zero 

at the ends. The portions of the antennas that are parallel 

to the payload act as current sources or sinks to the per¬ 

pendicular component of the current flow. Since the paral¬ 

lel component of the antenna comprises about half of the to¬ 

tal length, the perpendicular current distribution is given by 

where a linear decrease along the actual antenna is assumed. 

With this approximation Eq. (2) can now be written as 

Voc = Eocos* /(1 + (1 + (1 + -UJ.)2)dx 
-a a 

which integrates to 

V = 2.3aE.cos<{> oc o r 

10 

For the perpendicular antenna half length a = .1 meters this 



Figure 10. Antenna system model. 
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becomes 

V 
oc 

0.23E. (volts) 
0 

for the maximum voltage (<|> = 0) with E in units of volts/ 
0 

meter. This is the open circuit, no load voltage. When 

the antennas are connected to the measuring electronics the 

equivalent circuit is as shown in Figure 11. The antennas 

behave as capacitors with an estimated capacitance of ^ 5 pf 

while the load impedance has a capacitance of ^ 10 pf (from 

specification sheet on input transistor and estimated shunt 

capacitance of antenna mounts) in parallel with a resistive 

component that is much larger in magnitude than 1/wC over 

the operational frequency range. Therefore, the voltage 

applied to the electronics is approximately one third the 

open circuit voltage, 

State of the art electronics enables detection of a few 

microvolts (^ 2 yV) which implies an instrumental sensitiv¬ 

ity of ^ 20 yV/m for long wavelength, perpendicular (0 = ir/2) 

external electric fields. This is a very reasonable esti¬ 

mate as will be shown by the calibration results. 

These theoretical arguments have been based on free 

space phenomena and could conceivably change when contem- 

^measured 0.077 E (volts) 
0 

or conversely, 

(volts/m) 
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Figure 11. Equivalent circuit for external source, anten¬ 
nas, and analyzer relationship. 
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plating fields embedded in plasmas. When the antenna sys¬ 

tem is placed in a thermal equilibrium plasma an ion sheath 

is built up around it with a thickness of a few Debye 

lengths (Krall and Trivelpiece, 1973). Two important ef¬ 

fects of this sheath, discussed by Grabowski (1975) , are 

that it changes the antenna response and also, for non- 

insulated systems the antennas assume a mean potential which 

is different than the undisturbed plasma. The mean poten¬ 

tial assumed is such that no net current reaches the antenna. 

However, the current density, j - -e£v S(x-x ), in a plasma 
n n n 

fluctuates and fluctuation asymmetries between electrodes 

appear as a fluctuating voltage at the analyzer. 

Grabowski (1975) considers both of these problems and 

for practical applications is able to conclude that the ef¬ 

fects are not great. It is reasonable to expect that if 

the sheath thickness is small compared to the antenna length 

the response will be affected significantly only for small 

wavelengths (X < L). In the ionospheric regions probed by 

this system the Debye length is less than 0.5 centimeters 

giving an approximate sheath thickness of two centimeters 

which is small compared to the antenna length. According 

to the previous instability arguments, the wavelengths of 

expected waves are much greater than L, however, in attempt¬ 

ing to detect the thermal oscillations the sheath may de¬ 

grade the response by suppressing the short wavelength con¬ 

tribution to the thermal fields. 

For the case of the additional asymmetrical potentials 
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of the antennas due to current density fluctuations, there 

is a strong correlation between responses of identical elec¬ 

trodes if their separation is small compared to the wave¬ 

length of the fluctuations. Rostoker (1961) shows that the 

power spectrum of current density fluctuations depends on 

wavenumber K as K”3, implying that most of the fluctuation 

is in long wavelength modes. Following Grabowski (1975), 

the conclusions are that the additional voltage is negligi¬ 

ble for this antenna configuration. 

In summary, the antenna system behaves approximately 

the same in the auroral plasma as it does in free space as 

long as the wave modes considered have wavelengths larger 

than the antenna dimensions (X « 10L). A conservative esti¬ 

mate for L, in the present context, is about 0.5 meters tak¬ 

ing into account the diameter of the payload. Therefore, 

wavelengths greater than ^ 5 meters should be easily detect¬ 

able. Most of the expected unstable waves have wavelengths 

several meters long, however, the thermal noise includes 

many modes with wavelengths less than 5 meters long that may 

be attenuated rapidly with decreasing wavelength. This does 

not necessarily mean that waves with X > 5m will be filtered 

from detection, but the instrument will be less sensitive to 

them. The cut-off wave length is probably between 1 and 5 

meters 
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IV. INSTRUMENT CALIBRATION 

A. Calibration Objectives 

The overall objective of the instrument calibration is 

to establish an input/output relationship as a function of 

input frequency. This is accomplished by a frequency cali¬ 

bration, an analyzer calibration (less antennas), and a 

complete antenna-analyzer calibration in a uniform electric 

field of known magnitude. 

The frequency calibration establishes the frequency of 

an input signal by the position of its corresponding output 

spike along the frequency scale in an output frame (refer to 

Figure 6). Reasonably accurate frequency measurements are 

important in identifying signals during an experiment, par¬ 

ticularly when making comparisons to data from support in¬ 

struments. For example, the plasma frequency depends on the 

electron density which can be measured along the flight tra¬ 

jectory by a ground based incoherent scatter radar installa¬ 

tion. The gyration frequency of the electrons depends on 

the local magnetic field strength which is accurately mea¬ 

sured by an on-board magnetometer. Also, during the early 

portions of a flight, signals from local commercial broad¬ 

cast stations are easily discernible by the analyzer and 

can be identified by their frequency. Radiation fields of 

particular radio stations can be calculated from their 

transmitter specifications providing an independent check 

on the laboratory calibration of the instrument for both 
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field sensitivity and frequency. When used in an explor¬ 

atory experiment the simple identification of an instabil¬ 

ity would be satisfying, however, a quantitative conception 

of the field strength of the wave is generally highly desir¬ 

able for relating flight results to theories and other ex¬ 

periments . 

A quantitative understanding of the instrument response 

is established by calibrating it to known signals both with 

and without antennas. By using this technique the numerical 

relationship between antennas and electric fields (used 

for designing the instrument) can be checked providing in¬ 

valuable information for use in designing modified systems 

of future experiments. 

B. Analyzer Calibration without Antennas 

Calibration without the external field antennas in¬ 

cludes the frequency scale calibration, the overall response 

to known potentials at the preamps, and a determination of 

the phase and amplitude imbalance of the preamplifiers. A 

variable frequency rf signal generator produces a sinusoid¬ 

al potential used as the calibrating source. The signal 

generator output is divided into two equal amplitude anti¬ 

phase signals by a small center tapped isolation transformer. 

Connecting one of these signals to each of the two input 

preamps of the analyzer simulates the potentials of antennas 

and provides an absolute reference to determine the antenna 

characteristics in known external fields. Figure 12 depicts 
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the calibration setup with the signals being applied to the 

analyzer. Also shown in the figure is a plot expressing the 

maximum imbalance between the two signals of the transformer 

as advertised by the manufacturer. 

Oscilloscope tests performed on the voltage divider 

network over the frequency range of the calibration (0.5-10 

MHz) indicate that the imbalance in amplitude is less than 

1% (the minimum signal difference resolvable with the scope). 
V, 

Therefore, the advertised maximum of ^ 2% (# db = 20*log(—i)) 
"2 

at 0.5 MHz is a conservative estimate. Due to the lack of 

appropriate equipment the phase imbalance was not checked, 

but is assumed to be within the advertised tolerances of 

the transformer alone. Testing of the voltage divider 

circuit is important in establishing a reliable performance 

description of the analyzer. 

The first result of the analyzer calibration is the 

relationship between input frequencies and the corresponding 

marker positions in the output display shown in Figure 13. 

The uncertainties depicted for the measurements are due to 

reading the oscilloscope display. As previously stated, 

the time dependence of the sweep oscillator directly 

determines the linearity of the output marker positions. 

The sweep time is, unfortunately, sensitive to temperature 

changes, but, as Murphree (1972) indicated, the sweep oscil¬ 

lator is electronically temperature compensated to minimize 

these effects. This means the absolute time of a sweep may 

change with temperature, but the normalized time dependence 



Figure 13. Input frequency vs. output display distance per 
calibration results. 
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remains constant. Consequently, the frequency character¬ 

istic shown in Figure 13 is temperature independent. 

None of the calibration tests include a temperature 

effect check as has been done with the similar analyzers 

described by Lowenstein (1973) and Murphree (1972). Temper¬ 

ature monitors on past rocket borne experiments with similar 

electronic packages indicated a temperature change of less 

than 1% (on an absolute scale) during the flights. According 

to the results of the above mentioned workers, there is a 

negligible change in the analyzer characteristics over this 

temperature range and, consequently, temperature effects are 

ignored here. 

Frequency dependence does, however, seem to be impor¬ 

tant. Especially important is the frequency dependence of 

the gain characteristics. Gain calibrations are done at 

intervals of 0.5 MHz over the range of 0.5-10 MHz with the 

objective to obtain a relationship between the input voltage 

and the percentage of deflection of the output marker 

(0-100%) as a function of frequency. For these tests the 

input voltage is defined as the peak voltage, <()o, applied 

across the inputs of the analyzer as was shown in Figure 

12. Deflection magnitudes chosen to represent the gain 

characteristics range from threshold (> 0%) to 100% at 

intervals of 20%. Figure 14 displays the gain calibration 

data. The uncertainties of the measurements are ± 5% for 

all the deflections curves except the threshold curve which 

is estimated at approximately ± 10%. The 5% uncertainties 
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are due to errors in oscilloscope and voltmeter readings 

only. The 10% uncertainty in the threshold curve includes 

the reading errors plus an additional 5% uncertainty associ¬ 

ated with making a qualitative judgement about the point a 

signal becomes detectable above the noise. 

The deflection curves have each been fitted to an 

exponential, 

<J>. <* ^ (f in MHz) 
input 

Since most of the measurements lie on the fitted curves 

within the limit of their uncertainties, the exponential 

curves are used to represent the analyzer's response to 

the input voltages. Figure 15 shows the fitted data curves 

represented in a form more suitable for practical applica¬ 

tions. The gain calibration is performed at intervals 

above 500 kHz (as previously mentioned), although the anal¬ 

yzer can resolve signal frequencies as low as 100 kHz. 

Below 500 kHz an RC roll-off in the early amplification 

stages of the analyzer attenuates the response very rapidly 

so that this region is not fitted to the exponential. 

Above 500 kHz the response is easily modeled, therefore, 

the lower frequency limit of the reliable gain calibration 

is set at 500 kHz. 

Reliability in measuring potentials also requires that 

the input signal strengths do not saturate the electronics 

since there are no gain control features incorporated in the 

analyzer. First order checks of the saturation characteris- 
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tics suggest that harmonics of the input signal begin appear 

ing in the output display when the input signal strength is 

approximately seven times the full scale signal strength. 

When the input signal strength increases to about 20 times 

the full scale level the output is heavily saturated and 

essentially useless. Saturation is not expected to be a 

problem during space flight experiments. 

Perhaps a more important calibration check is the 

degree of imbalance between the two input stages. That is, 

if identical signals are provided at each preamp the output 

signal should ideally be zero. However, the components are 

not precisely identical and small asymmetries exist in the 

unit that could possibly appear as an enhancement of the 

external signal. The imbalance may be caused by a combin¬ 

ation of amplification differences and phase shifts between 

the preamps. Both effects are minimized during construc¬ 

tion. By driving the analyzer with two equal signals and 

increasing their magnitude until the asymmetry appears as 

an output determines the degree of imbalance. Following 

this procedure indicates an imbalance of approximately h% 

of the input signal. This is considered a small effect 

and is ignored for experimental applications. 

Calibration of the analyzer without antennas estab¬ 

lishes it as being a well balanced potential measuring 

device with a dynamic range of about 30 extending from a 

threshold sensitivity of approximately 4 yvolts to a full 

scale sensitivity of about 120 yvolts. The frequency 
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sweep is almost linear, repeating itself at a rate of 28 

sweeps/second. Input signals within the spectral range of 

100 kHz to 10 MHz are easily discernable when separated by 

at least 50 kHz (the bandpass of the analyzer). A final 

calibration with antennas in a known electric field is 

necessary to complete the description of the analyzer pack¬ 

age characteristics. 

C. Analyzer Calibration in an Electric Field 

Producing a known electric field large enough for cal¬ 

ibrating the flight configuration unit is the main difficul¬ 

ty in this portion of the tests. When the antennas are 

placed on the analyzer it becomes sensitive to a host of 

interfering sources such as commercial radio stations and 

random rf sources commonly found in laboratories. This 

necessitates the need to produce the calibrating field in¬ 

side a shielded region. The technique incorporated here 

involves using a large screen room (4m x 4m x 3m) with a 

pair of parallel plates approximately two meters square 

suspended symmetrically inside the room and separated by 

about one meter. The plates are corner driven by a varia¬ 

ble frequency sinusoidal signal generator producing a 

quasi-uniform electric field between them in which the 

analyzer is calibrated. Figure 16 diagrams the test setup. 

To simplify the testing procedures a short section of 

light weight 9 inch diameter copper cylinder is used to 



Figure 16 Screen room calibration setup 



24 

simulate the actual 9 inch diameter rocket payload. The an¬ 

alyzer and antennas are mounted with respect to each other 

just as they are in the payload skin. Output signals are 

delivered to a small transmitter inside the cylinder and ra¬ 

diated to a receiver outside the screen room where they are 

subsequently monitored with an oscilloscope. Voltage and 

frequency values of the signals applied to the plates are 

monitored by signal generator meters inside the screen room. 

A complete calibration of the plate system ensures that the 

voltage applied to the plates is a well known quantity. The 

electric field is determined by dividing the applied voltage 

by the plate separation. Also, fringing effects seem to be 

negligible in the central region of the plates as determined 

by a field mapping using a small dipole antenna connected to 

an rf receiver. This check does not give the absolute magni¬ 

tude of the Ê field, but does establish the field uniformity. 

Since the plates actually appear as a small capacitance 

30 pf) to the signal generator it is impossible to term¬ 

inate the connecting transmission lines adequately over the 

10 MHz frequency range. The capacitive reactance of the 

plates becomes important after a few megahertz and the volt¬ 

age drop across them increases with no change in the signal 

generator output level setting. For the geometrical config¬ 

uration chosen, one plate is grounded directly to the signal 

generator and a terminated transmission line carries the os¬ 

cillating potential to the other plate. Optimizing the ratio 

of the plate voltage to the source voltage requires that the 
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transmission line be as short as possible while allowing 

the plates to be far enough apart that the field distortion 

produced by the payload is small at the plate surfaces. 

Figure 17 shows the equivalent circuit of the plate 

system and the measured source to plate voltage ratio for 

the test configuration. The lower limit of the plate sep¬ 

aration is mainly constrained by the distortion field of the 

cylinder. If the plates are placed at planar equipotentials 

their existence can remain unknown to the analyzer. Since 

the equipotential surfaces approach a planar shape as r -*■ 

the best compromise between placing the plates as closely to¬ 

gether as possible and yet preventing them from drastically 

changing the distortion field is determined to be a separa¬ 

tion of about one meter with the payload cylinder centered 

between them. As shown in Figure 18, for this separation 

the distortion field equipotentials are different from a 

planar uniform field equipotential by about 5% in the region 

directly opposite of the conducting cylinder. Considering 

it to be a small deviation to force the equipotentials into 

plane surfaces here, the calibration is performed in this 

configuration with the assumption that the applied fields 

are equivalent to infinite uniform fields distorting around 

the cylinder. 

To this point it has been assumed that the field is 

quasi-static and the plates have been approximated by a 

discrete capacitor of equal geometrical capacitance. For 

these large plates and frequencies of a few megahertz these 
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assumptions may be slightly misleading. As the source 

frequency increases ^ and effects become important and 

the field strength varies across the plates. Feynman et al. 

(1964) has solved this problem (neglecting edge effects) 

for a center driven circular plate capacitor. Using an 

assumption that corner driven square plates have the same 

current and field distributions as a quadrant of a corres¬ 

pondingly sized circular capacitor this solution may be 

applied to the square plates (liberally neglecting edge ef¬ 

fects) . Figure 19 demonstrates this equivalence and, also, 

displays the calculated ratio of the field strength in the 

central calibration region of the plates to the source point 

field strength as a function of frequency. The solution to 

the circular capacitor gives the field strength as a func¬ 

tion of frequency and radial distance from the source in 

terms of a zero order Bessel Function, 

E = E,eiwt J,<«> 

In the central calibration region of the plates (r = 1.3m) 

at 10 MHz this represents a 2% decrease in the field strength 

as compared to the field strength at the driving point. It 

is reasonable to expect edge effects to make the decrease 

even larger. When making calibration runs these effects 

should be considered since they appear as a decrease in in¬ 

strument sensitivity as the frequency is increased. That is, 

the source voltage must be increased to compensate for the 

decreased field in the calibration region which is also 
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characteristic of decreased sensitivity in the field mea¬ 

suring device. 

Figure 20 shows the results of calibrating the analyzer 

and antenna system in this field. The data points with fre¬ 

quencies of 7 MHz or less have been fitted to exponentials 

of the form e*^9 ^ (f in kHz), which is the same form ob¬ 

tained from the direct input results. The higher frequen¬ 

cy points tend to deviate slowly away from the simple expon¬ 

ential curves with increasing frequency in the same sense as 

predicted by the analytical solution for the capacitor elec¬ 

tric fields. A maximum deviation of about 1% is reached at 

10 MHz as compared to the corresponding 2% obtained above. 

However, the short cuts taken to obtain the analytical solu¬ 

tion may account for the discrepancy. The uncertainty in 

these measurements approach ± 5% anyway and it is believed 

that this degradation in sensitivity is due to the calibra¬ 

tion apparatus and not the instrument. 

When comparing the antenna calibration with the direct 

input calibration an average relationship of 

Eext " 13'5 Vdirect (volts/m) 

is obtained for each deflection curve with less than a 3% 

deviation for each one. This demonstrates excellent agree¬ 

ment between the theoretical description of the operation 

and measured behavior. The difference between this equation 

and the derived equation (Eext 
= 13.0 v<jirect^ maY attri“ 

buted to improper values for the effective antenna capaci- 
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tance and/or the load capacitance of the preamplifiers 

and antenna mounts. The discrepancy is small. 

As a result of the parallel plate calibration, the 

maximum field sensitivity for the flight configuration is 

believed to be as shown in Figure 21. It must be realized 

this advertises the response to long wavelength electro¬ 

static waves with the field directed perpendicular to the 

cylinder and the antennas oriented for maximum response. 

Also, with the field perpendicular, the rotation of the an¬ 

tenna radiais should result in a cosine variation in the 

a2 
observed field strength (recall that Eeffective 

= Eo^ + ""2^ 

cos<j>) . Performing this check confirms the cos<f> dependence 

and the results are shown in Figure 22. 

In summarizing the antenna calibration, it is concluded 

that the parallel plate system performs very well for pro¬ 

ducing the uniform electric fields needed for these tests. 

Very close agreement has been established between a theoret¬ 

ical description of the antenna-analyzer response to exter¬ 

nal fields and the actual measured response. A set of cali¬ 

bration curves reliably represents the instrument response 

to external free space electrostatic fields (with optimum 

geometrical conditions) in the range of about 50-1500 yV/m 

with frequencies between 0.5 and 10 MHz. A flight calibra¬ 

tion check using a ground based rf broadcast station which 

substantiates these laboratory results is presented in the 

next section. 
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D. In-Flight Calibration 

During an auroral rocket flight from Alaska that empha¬ 

sized this experiment an in-flight calibration check of the 

field sensitivity has been accomplished. For the initial 

portion of the flight when the payload was traversing the 

neutral atmosphere, several local AM broadcast station sig¬ 

nals were observable in the analyzer output. Station KFRB 

in Fairbanks, Alaska was radiating a strong low modulation- 

amplitude signal at 900 kHz that was used for the calibra¬ 

tion tests. 

The Federal Communications Commission supplied pertin¬ 

ent transmitter information needed for calculating the ra¬ 

diation pattern at the payload position along its trajec¬ 

tory. Information required to do this calculation includes 

the antenna length, resistance, current, and geographic lo¬ 

cation. Since the antenna (a vertical radiator) has a 

length of about . 29X the radiation pattern for a quarter 

wave vertical radiator is used to approximate the actual 

vertical field pattern. The quarter wave patterns are eas¬ 

ier to handle mathematically, are more common in the litera¬ 

ture discussing operational distortions of radiation pat¬ 

terns, and do not differ greatly from the .29X antenna ac¬ 

cording to information published in Reference Data for Radio 

Engineers.^ When a quarter wave end-fed vertical antenna is 

Published by Howard W. Sims & Co., Inc. a subsid¬ 
iary of ITT, 1968 
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operated over a perfectly conducting plane the radiation 

pattern is the same as that of a half-wave dipole in the 

upper half space, i.e., 

E(r,e> = CQ»(V?Sgfl.n (e < „/2) 
IT s in 6 

where E = field strength in millivolts/meter, I0 * base 

current in amperes, r = distance in kilometers, and 0 = 

angle from vertical. 

If the antenna is located over a finitely conducting 

surface the field strength is reduced from the ideal case 

in the free space region above the plane. KFRB does have 

a small highly conducting ground plane system consisting 

of 120 copper radiais 200 feet long buried at the base of 

the antenna, but at the large distances to the rocket (100- 

200X) the effects of a ground system this small can be ig¬ 

nored (Page and Monteath, 1956). The rocky, mountainous 

regions of Alaska that lie below the flight trajectory have 

conductivities of about 1-2 (10“3) mhos/meter (Reference 

Data for Radio Engineers) which considerably degrades the 

radiated field. Weeks (1964) has considered these effects 

for dipole antennas above partially conducting planes with 
_ 2 

conductivities of 10 mhos/meter. Figure 23 compares two 

vertical field patterns for a dipole over conducting planes 

with conductivities of infinity and 10 2 mhos/m. Half wave 

antenna field patterns for the same conditions are also 

shown where it has been assumed that the ratio of field 

strengths are the same for the two antennas. The actual 



Figure 23. Comparison of dipole and wave antennas over 
conducting planes. 
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degradation is probably larger than indicated since the 

_2 
conductivity of the earth is less than 10 mhos/m and also 

the rough terrain will tend to be a better absorber than a 

smooth surface. This is the first correction to the field 

pattern. 

Practical radiating systems are in many cases very 

inefficient with some broadcast stations achieving as little 

as 20% efficiency in total radiated power. An estimated 

efficiency for this station might be obtained by comparing 

its advertised antenna resistance (124Œ) to an ideal . 29X 

radiator (66fl; Reference Data for Radio Engineers). Assuming 

that the increase in resistance is due to non-radiative los¬ 

ses, the actual power radiated is 66/124 times the power 

dissipated by the transmitter, i.e., Ptheory^Pactual 66/124 

implying an efficiency of about 53%. In terms of field 

strength degradation, this amounts to a reduction factor of 

&3 = 0.73. 

The angle of incidence of the electromagnetic wave is 

also important in determining the field strength at the an¬ 

tennas. For this case the incident wavelength is much long¬ 

er than any payload dimension which suggests that the scat¬ 

tering process involves only the electric and magnetic 

dipole terms of the multipole expansions for the scattered 

field in the limit kL<<l (Jackson, 1962). In the near zone 

region the electric, field due to the magnetic dipole is 

much less than the electric dipole field so that the distor¬ 

tion field produced by superposing the incident and scattered 
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fields reduces to the static limit. This implies the static 

calibration is appropriate for measuring these particular 

electromagnetic fields. Previously the static field angular 

dependence was only discussed qualitatively, but for this 

purpose it is assumed that it varies as cos6 where 0 is the 

angle between the incident field direction and the payload 

spin axis. 

By applying all of the above mentioned correction fac¬ 

tors to the field strength equation the effective field 

strength at the payload is calculated as a function of flight 

time using payload position data from a radar tracking unit. 

These calculated values ignore the AM modulation effects of 

the actual wave, however, the measured signal is noticably 

modulated. The form of modulated antenna current used by 

AM broadcast stations is 

I = I [1 + m*cos(at)]cos(wt) 

where m is the modulation coefficient (0-100%), a is the 

modulation frequency, and w is the carrier frequency. There¬ 

fore, measuring an audio frequency modulated field with an 

antenna on a spinning rocket is a bit cumbersome when trying 

to determine its unmodulated amplitude. In the time that 

the instrument sweeps its bandpass across the radio station 
•> If 

frequency ('v 2*10 seconds) the audio amplitude changes 

very little (assume 2-3 kHz audio modulation). By observing 

several analyzer sweeps a reasonable estimate of the unmodu¬ 

lated field strength can be made at a prescribed trajectory 
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location. 

A comparison of the calculated and measured field 

strengths is illustrated in Figure 24. The functional form 

of the two fields is quite similar, however, the measured 

field strength appears to be about half the calculated field 

strength and can be interpreted as either an improperly 

calibrated measuring device or an improperly calculated 

field. Due to the large number of uncertainties associated 

with the calculated field values and the fact that they are 

larger than the measured values, it is assumed that the dis¬ 

crepancy lies in the calculations. Since the calculated 

values are larger than measured values there are probably 

additional and/or greater energy loss mechanisms operating 

in the radiating system that should be included. These 

results are adequate for this test and the agreement between 

the laboratory and flight calibrations is satisfactory. 

This concludes the calibration description of the an¬ 

tenna-analyzer. Good agreement has been established between 

a theoretical description of the analyzer system and inde¬ 

pendent laboratory measurements of the system in various 

test configurations. The flight calibration check also 

supports the laboratory results. Field measurements per¬ 

formed with this instrument within its operational ranges 

are believed to be very reliable. 



Figure 24. Comparison of calculated field strengths from 
KFRB versus flight time. 
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V. EXPERIMENTAL RESULTS 

A. Preliminary Analysis 

A Nike-Tomahawk sounding rocket carrying an electric 

field spectrum analyzer was launched into an evening aurora 

from Poker Flat, Alaska, on March 1, 1976 reaching an apogee 

of 250 km. The rocket passed over several bright, discrete 

auroral forms during the 8 minute flight. At launch time a 

bright arc began to break up into very active aurora. The 

flight emphasized the AC field analyzer experiment and very 

active auroral conditions seemed the most favorable for 

producing large plasma waves. 

Support instrumentation also carried on the payload 

included a vector magnetometer and a pair of curved plate 

electron detectors. The detectors were mounted with look 

directions of about 50° and 130° from the spin axis. Each 

AE 
had an energy bandpass —r - 0.6 with a center energy of 

^ 10keV. Payload orientation with respect to the magnetic 

field, provided by the magnetometer, was coupled to the e- 

lectron data to obtain electron pitch angle information in 

the 7-10 keV range. For this flight the pitch angle cover¬ 

age was from approximately 15° 85® and 95° -*■ 165®. Chat- 

anika Incoherent Scatter Radar also supported the flight and 

provided electron density information (plus the other param¬ 

eters available from incoherent scatter) throughout the 

auroral ionosphere adjacent to the rocket trajectory. 

Data reduction for the electric field analyzer has 
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consisted of plotting the spectral density of the electric 

field squared versus frequency for interesting flight times. 

Interesting flight times are defined as times when either 

field aligned fluxes or large changes influx magnitude are 

observed with the 10 keV electron detectors. Both types of 

"events" could be indicative of beam structure in the elec¬ 

tron distribution function that could lead to the growth of 

plasma waves. 

Figure 25 shows an example of a field-aligned electron 

event. There were about seven intervals during the flight 

when the payload was above 200 km, where collisional damping 

becomes small, that persistent field aligned precipitation 

was observed with large flux increases at parallel energies 

of a few keV. It is not known if the total distribution 

function contained enough particles in the suspected beam to 

meet the growth requirements of Papadopoulos and Coffey 

(1974a,b) for waves with k parallel to B. However, all these 

times were closely scrutinized for electric field enhance¬ 

ments at the supposed plasma frequency that was obtained 

from the radar measured electron density but no enhancement 

above the noise level was observed. 

Similarly, careful observations at times when the flux 

magnitude increased sharply revealed no enhancement of the 

baseline noise. These times were suspected since they sug¬ 

gest that beam like structure may have existed at angles not 

parallel to B. Data from many other flight times was also 

processed, but the results were the same by showing no 
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enhancements. 

According to the calibration results the baseline noise 

represents a field magnitude of about 50 yvolts/m at a few 

megahertz. For the flight, the baseline was established 

during countdown while the rocket was on the launch pad. 

Comparing the flight data to the pre-launch baseline estab¬ 

lished that the baseline level remained constant throughout 

the flight. Figure 26 shows a sample of the reduced data 

at a time when field aligned fluxes were observed. All of 

the output signals observable in the figure have been iden¬ 

tified as interference that frequently appeared and disap¬ 

peared during the flight but always returned at precisely 

the same frequency. These interference signals are probably 

from radio stations broadcasting in the 0-10 MHz range from 

unknown locations perhaps outside the auroral zone where 

their signals skip to the payload from the F-layer. Never¬ 

theless, all the interference signals have been identified 

by their tendency to stay locked on to a specific frequency. 

Apparently, no natural phenomena were detected. 

B. Preliminary Conclusions 

The flight data that has been reduced indicates that no 

large plasma waves existed with field strengths greater than 

about 50 yvolts/m at the rocket altitudes reached by this 

experiment. The theoretical arguments presented earlier 

proposed that plasma waves could easily grow to detectable 
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Figure 26. Spectral density of the electric field squared 
at a time when instabilities seemed likely. 
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levels for the proper plasma conditions. The absence of 

these waves in the data probably indicates that the plasma 

conditions were not conducive to wave growth even though 

there were some indicators that suggested growth was likely. 

The thermal equilibrium level of the plasma oscilla¬ 

tions was also not detected. This is probably a result of 

the characteristic dimensions of the antenna system cutting 

off the short wavelength contribution to the thermal level. 

Using the most optimistic system characteristic length of 

0.5 meters (the approximate antenna separation) the theor¬ 

etical thermal level previously calculated has a value of 

the order of 10 yvolts/m which is less than the detection 

threshold by a factor of 1/5. 
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VI. SUMMARY 

An AC electric field spectrum analyzer has been devel¬ 

oped for sounding rocket experiments conducted in the auror¬ 

al ionosphere. Theoretical descriptions of the analyzer 

operations have been substantiated by a thorough laboratory 

calibration. Calibration results show that the analyzer has 

a minimum direct input sensitivity of about 4 yvolts and a 

dynamic range to 120 yvolts. VThen coupled to the antenna 

system the electric field sensitivity ranges from 50 to 1500 

yvolts/m. An in-flight calibration check using a ground 

based commercial broadcast station supports the laboratory 

findings quite well. 

Preliminary results from the first experiment conducted 

using this instrument indicates that it performed nominally, 

however, no positive identification of natural phenomena was 

made. The probable explanation is that the plasma condi¬ 

tions were not favorable for excitation of plasma waves. 

Electron detectors of a single energy channel carried on the 

same experiment were used to indicate regions of electron 

precipitation, but, provided insufficient information to 

determine the total electron distribution function. This 

information is needed to establish the stability of the 

plasma system and, therefore, determine whether the lack of 

a positive detection is significant. The thermal level of 

the plasma line was also not detected. By arguing that the 

dimensions of the antenna system prevented the short wave 
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modes from contributing to the detectable thermal field 

there are no inconsistencies with this observation. 

The absence of natural signals in the experimental 

results is disappointing from an esthetic point of view, 

but when the support data is coupled to available theoretical 

arguments the results are not controversial. There is not 

enough support data to determine inconclusively whether the 

probed auroral plasma was stable or unstable to the growth 

of Langmuir waves. 
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