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ABSTRACT 

CALIBRATION OF A ROCKET BORNE 

FREQUENCY ANALYZER 

John S. Murphree 

A High Time Resolution Experiment has been designed to 

detect possible high frequency (.5-10 MHz) modulation of pre¬ 

cipitating auroral electrons with energies in the range of 

4-8 kev. The experiment consists of two pair of hemispherical 

electrostatic energy analyzers, an electron multiplier and a 

frequency analyzer. The calibration of the experiment is de¬ 

signed to obtain the output response, which consists of vol¬ 

tage amplitude versus frequency, in terms of the average flux, 

amount of modulation and frequency of modulation. Results 

indicate that the HTR is capable of detecting as low as 3% 

modulation for a count rate of 10^ counts/sec. 

Also discussed is the geometric factor calibration of 

the multiplier-hemispheres section of the experiment. A geo¬ 

metric factor of 10.6 is obtained - agreeing well with the 

design criteria. Experimental problems in the accomplishment 

of the geometric factor calibration are discussed - in par¬ 

ticular the error involved in the use of a non-monoenergetic 

electron flux. 
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I INTRODUCTION 

The High Time Resolution (HTR) experiment is designed 

to detect low level (a few percent) modulation of an inci¬ 

dent charged particle flux in the frequency range 0.5-10 MHz. 

Modulation of auroral electrons at these frequencies is ex¬ 

pected from wave-particle coupling. This frequency range is 

investigated because it includes the values for the electron 

cyclotron and plasma frequencies expected at rocket alti¬ 

tudes (150-250 km). possible modulation mechanisms and re¬ 

cent observations of modulation at various frequencies are 

discussed by Loewenstein (1970). Because it is an explora¬ 

tory experiment, the emphasis is on the detection of modu¬ 

lation rather than the characteristics of the modulated 

electrons such as pitch angle and energy (the energy and 

pitch angle spectra are measured by other detectors on the 

rocket). For this reason, and because a large count rate is 

needed to be able to detect low level modulation, the HTR 

is designed to have a large geometric factor. The frequency 

analysis is accomplished by an onboard high frequency spec¬ 

trum analyzer which has 50 KHz bandwidth and sweeps linearly 

in time from 0 to 10 MHz so that the analog output voltage 

at any instant corresponds to the modulation power per band¬ 

width at a known frequency. An unmodulated flux has a con¬ 

stant power spectral density depending on the average flux 

and as such produces a flat output spectrum with the value 
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of the flux being related to the amplitude of the spectrum. 

The amplitude will also depend on the characteristic response 

of the instrument. Knowledge of the amount of modulation as 

well as the average flux allows one to calculate the percen¬ 

tage of flux modulated at each frequency. 

The HTR consists of four parts: 1) the energy analyzer 

consisting of two pairs of concentric hemispherical plates 

and the associated high voltage power supplies, 2) Johnston 

MM-1 electron multiplier and bias voltage power supply used 

to detect and amplify the flux transmitted by the energy 

analyzer, 3) preamplifier-integrator used to amplify the 

signal output from the multiplier and to integrate the sig¬ 

nal in order to reduce the fluctuations in pulse height, 

4) high frequency spectrum analyzer which detects any vari¬ 

ation in the signal from the preamplifier. These four parts 

make up what is termed the "flight configuration". During 

flight the output spectrum of the HTR is telemetered to 

ground where it is permanently recorded. 

Consider an unmodulated flux of electrons (electrons/ 

cm^-ster-sec-kev) incident on the entrance aperture of the 

HTR. The response of the HTR in pulses/sec to such a flux is 

obtained by a geometric factor calibration. This pulse train 

(pulses/sec) is the input to the preamplifier with the pulse 

size determined by the gain of the multiplier. In order to 

reduce the variation in pulse height due to the statistical 

process involved in secondary electron generation at each 
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dynode,which results in a smeared out pulse height distribu¬ 

tion seen at the anode,the signal is integrated by use of a 

RC network with a time constant of 50 nsec. Because of this 

time constant, frequencies on the order of 1.5 MHz and great¬ 

er are attenuated, the attenuation increasing with increasing 

frequency. Therefore, for an unmodulated flux, the frequency 

analyzer receives a voltage pulse train, the pulse size de¬ 

pending on the bias voltage being used on the multiplier and 

the average flux. 

For a modulated flux of electrons, the geometric factor 

will again determine the relationship between flux and pulse 

rate. This time however, in order that the pulse train re¬ 

produce any modulation in the input flux, the multiplier 

dispersion time must be less than the period of the modula¬ 

tion. For the Johnston MM-1, the dispersion in the time it 

takes an electron incident on the multiplier's surface to 

. _ O reach the anode as a pulse is 10 sec. The multiplier can 

then respond to modulation on the order of 100 MHz, well 

above the frequency of interest. The average flux must be 

sufficiently high so that many pulses occur in a time inter¬ 

val corresponding to the frequency of interest. Expected 

auroral electron fluxes of 10^-10^ (electrons/cm^-sec-ster- 

kev) are large enough to insure that statistically meaning¬ 

ful results can be obtained. 

The output of the preamplifier is qualitatively the 

same as for an unmodulated flux so that the input to the 
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frequency analyzer is a voltage train again, this time with 

a variation in the pulses at the frequency of the modulation 

superimposed on the pulse rate due to the random arrival 

times of the electrons. It is from this type of signal that 

the frequency analyzer must obtain quantitative results on 

the modulation of auroral electrons. 



II DESCRIPTION OF FREQUENCY ANALYZER 

A. OPERATION 

The frequency analyzer is designed to convert the input 

pulse train to a frequency spectrum where the amplitude at 

any frequency represents the amount of variation in the in¬ 

put pulse train at that frequency. A block diagram of the 

frequency analyzer is shown in figure JL. The principle used 

in the design of the analyzer is that of superheterodyning, 

in order to detect frequencies at the input of 0-10 MHz, a 

swept local oscillator is used to mix with the input pulse 

train. The swept frequency is produced by generating a linear 

current ramp controlling a variable inductor in a Colpitt's 

oscillator. The result is a temperature compensated, linear 

sweep of frequency from 30-40 MHz. Defining this swept fre¬ 

quency as fs(t), the resulting frequencies after mixing with 

the input pulse train are: f^, fs(t), fs(t) ± f^. The input 

frequencies, f^, have thus been stepped up in frequency to 

provide separation from other frequencies which are not of 

interest. After mixing, the signal is passed through a 30 

MHz crystal filter with a bandwidth of 30 KHz. An output is 

obtained from this filter at the start of the sweep and when 

fs(t) - f^ = 30 MHz. The image input frequencies, f^ = 60- 

70 MHz, after mixing with the swept oscillator will be pas¬ 

sed by the filter at the time corresponding to: f^ - fs(t)= 

30 MHz. To eliminate this source of interference, frequencies 



FIG. 1 BLOCK DIAGRAM OF THE HIGH FREQUENCY 

SPECTRUM ANALYZER 
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this high are attenuated in the input stage to the frequency 

analyzer. 

The output of the crystal filter is then a linear sweep 

in time with a zero marker corresponding to the passage of 

fs(t) = 30 MHz at the start of the sweep. A marker is gene¬ 

rated separately to define the end of the sweep at 10 MHz. 

Frequencies in the input between 0-10 MHz will be represen¬ 

ted by voltage spikes at the time during the sweep when the 

difference frequency, fs(ty-f^= 30 MHz. Therefore, the input 

frequency has been converted to a time displacement from the 

zero marker. 

Amplification at the constant frequency of 30 MHz and 

subsequent mixing with a 29.5 MHz signal then follows. The 

mixed frequencies are then passed through a 500 KHz filter 

with a bandwidth of 50 KHz so that again only the difference 

frequency is the output of the filter. The frequency reso¬ 

lution of the analyzer is determined by the resultant band¬ 

width of the two filters, which for this analyzer is 50 KHz. 

The resulting signal is again amplified, this time by a log¬ 

arithmic amplifier and the output "frequency" sweep is dis¬ 

played in some suitable manner. 

The output sweep rate is limited by two factors? 1) the 

frequency span over which the analysis is being made 2) the 

bandwidth. A smaller bandwidth and the same frequency span 

requires a lower sweep rate because the filter begins to 

suffer a rise time problem and attenuation of the signal 
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begins to occur. For instance, in order to retain the same 

particle statistics for the output data and also the same 

frequency resolution, then increasing the sweep rate re¬ 

quires shortning the frequency span. For the frequency span 

and bandwidth used in this analyzer, the sweep rate that 

gives the best performence is 8 Hz. 
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B. OUTPUT FORMAT 

Shown in figure 2u i-s the output format of the frequency 

analyzer for no input signal and no high voltage on the en¬ 

ergy analyzer or multiplier. The voltage level on the left 

is composed of three monitors; 1) a voltage monitor used to 

record the bias voltage on the multiplier at the time of the 

sweep, 2) a voltage monitor used to record the voltage on 

the hemispheres ( energy analyzer ), 3) a temperature moni¬ 

tor used to record the operating temperature of the frequen¬ 

cy analyzer. All four hemispheres are connected to two power 

supplies, one positive and one negative, each supplying vol¬ 

tages of magnitudes of 2250 and 1440 volts with respect to 

ground. Thus the hemispheres' voltage monitor alternates 

between the positive and negative supplies. 

The two voltage spikes in the rest of the sweep repre¬ 

sent the zero marker and 10 MHz marker from left to right. 

The relative amplitudes are 5.0 and 4.1 volts respectively. 

The time of sweep from the zero marker to the 10 MHz marker 

is approximately 100 ms although this varies with tempera¬ 

ture. Because the frequency scale remains linear with temp¬ 

erature, a frequency f, between 0 and 10 MHz, will always 

be at a certain percentage of the time difference between 

the two markers. 

Figure 3> shows a sample output spectrum for the case of 

an unmodulated flux of electrons entering the energy analy¬ 

zer of the HTR. For there to be a response to this flux, 
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FIG. 2 OUTPUT SPECTRUM OF FREQUENCY ANALYZER 

FOR NO INPUT SIGNAL 



FIG. 3 OUTPUT SPECTRUM OF FREQUENCY ANALYZER 

FOR A RANDOM PULSE TRAIN INPUT CONTAINING 

NO MODULATION. 
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all high voltages (hemispheres' voltage supplies and bias 

voltage for the multiplier) must be operating as the voltage 

monitors indicate. The voltage levels shown are 2.3 volts 

for the bias voltage monitor, 3.3 volts for the positive 

voltage supply of the hemispheres and 1.8 volts for the 

negative supply ( only the positive supply monitor is shown 

for the hemispheres - the negative supply monitor would be 

in the succeeding sweep). For room temperature the tempera¬ 

ture monitor is 2.65 volts high..The spectrum shown between 

0 and 10 MHz is called the "noise" spectrum and is due to 

the random arrival times of the pulses. The spectrum shows, 

ignoring for the moment the variation in amplitude with fre¬ 

quency, that a random pulse train contains contributions 

from all frequencies. It is shown in the Appendix that for 

such a random pulse train, the power spectral density func¬ 

tion is a constant equal to the average pulse rate. The ana¬ 

logy between the frequency analyzer and a power spectral 

density analyzer is not strictly valid because the latter 

requires a squaring amplifier, while the frequency analyzer 

has a logarithmic amplifier. The analysis shows however, 

that for an unmodulated pulse train at the input of the fre¬ 

quency analyzer, there will be power at all frequencies, the 

amount of power being dependent on the pulse rate. This fact 

can be put to use since the voltage amplitude of the noise 

spectrum can be measured with respect to flux. Because the 

spread in the noise spectrum amplitude is large, this will 
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only give an estimate of the flux incident at the position 

of the HTR at any given time. 

The frequency roll off in figure 3^ from the peak ( 1.5 

MHz) to 10 MHz, is due to the integration of the signal by 

the preamplifier. The frequency roll off from the peak down 

to 0 MHz is due a coupling capacitor in the input amplifier 

in the frequency analyzer. Both effects can be calibrated 

out for data analysis. 

The resulting output spectrum for a flux of modulated 

electrons is shown in figure 4 where the frequency of modu¬ 

lation is 5 MHz. The amplitude of the voltage spike at that 

frequency represents the amount of variation of the pulse 

train ( the voltage being logarithmic). The remainder of the 

spectrum is the same as before. 

The hope is to obtain, on a rocket flight over a region 

of auroral activity, output spectra of the form shown in 

figure 4 with voltage spikes at various frequencies, indi¬ 

cating modulation of precipitating auroral electrons. 



FIG. 4 OUTPUT SPECTRUM OF FREQUENCY ANALYZER 

FOR A RANDOM PULSE TRAIN INPUT WITH 

MODULATION AT 5 MHz. 



Ill CALIBRATION OF THE FREQUENCY ANALYZER 

A. DISCUSSION OF THE CALIBRATION OF THE HTR 

During the rocket flight the flux of precipitating au¬ 

roral electrons encountered by the HTR is expected to vary 

with the following quantities; 

1) Energy 

2) pitch angle 

3) Amount of modulation 

4) Frequency of modulation 

as well as the average value of the flux itself. The respon¬ 

se of the HTR and in particular the frequency analyzer as a 

function of each of these quantities is the purpose of this 

calibration. As has been stated, for a modulated input flux 

of electrons, the output of the multiplier is a charge pulse 

train with a variation in the charge corresponding to the 

variation in flux. Because the preamplifier does not alter 

the information content of the pulse train, it is convenient 

to consider it only in relation to the frequency analyzer. 

The HTR can then be considered to consist of two sections; 

1) multiplier - hemispheres 2) preamplifier - frequency ana¬ 

lyzer. The distinction is made because the information a- 

vailable from the output of the multiplier is not the same 

that was at the input. This allows a simplification of the 

flight cofiguration calibration. 

The energy analyzer consisting of four concentric 
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hemispheres, determines the energy and angular response of 

the HTR. Electrons entering the hemispheres will experience 

an electric field proportional to 1/r^ where r is the radial 

distance at which the particle is from the center of force. 

The electrons will move in Keplerian orbits and in order to 

be transmitted by the hemispheres and detected by the multi¬ 

plier, they must have an energy, direction of velocity and 

position in the entrance aperture plane such that their tra¬ 

jectory does not intercept either of the hemispheres in 

which they are travelling ( neglecting scattering). The in¬ 

put to the multiplier is then electrons in some energy and 

solid angle range. 

The Johnston MM-1 electron multiplier is a 20 stage 

secondary electron multiplier using activated copper-beryl¬ 

lium dynodes. The bias voltage applied to the multiplier 

determines the gain which is just the input to output ratio 

of particles. For example, the guaranteed electron gain at 

the time of delivery is 10^ at 3500 volts. Because of its 

fast time response, the multiplier is capable of responding 

to 10^ electrons/sec and greater. Calibration of the multi¬ 

plier to the remaining variable quantities in the input flux 

must be done in order to determine the change in gain at a 

given bias voltage as a result of varying these quantities. 

Loewenstein (1970) discusses the operation and calibra¬ 

tion of the multiplier, in particular it is found that for 

the range of energies transmitted by the hemispheres the 
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gain is constant. This indicates that the output pulse train 

contains no information on the energy of the particles other 

than the fact that the hemispheres transmitted them. The ac¬ 

tual response of the multiplier - hemispheres section of the 

HTR to fluxes of electrons can be determined by a geometric 

factor calibration, as discussed in section v. Therefore, 

the calibration of the HTR to modulated fluxes of electrons 

can be carried out separately, simplifying the procedure. 

It should be pointed out that the calibration procedure 

described was designed to determine the overall ability of 

the HTR to meet design criteria. Having established this, 

more direct methods will be employed for calibrating the HTR 

in the future. These methods are discussed in section VI. 

Before discussing the flight configuration calibration, the 

characteristics of the preamplifier - frequency analyzer 

section of the HTR will be investigated. 
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B. CALIBRATION OF THE FREQUENCY ANALYZER TO A SINUSOID INPUT 

As has been shown, the input to the frequency analyzer 

consists of a voltage pulse train which may or may not con¬ 

tain modulation, in order to determine the response of the 

frequency analyzer to such an input, independent of the rest 

of the HTR, a source of random voltage pulses capable of 

being modulated is necessary. Because such a source is dif¬ 

ficult to produce, a pure sinusoidal voltage was used. The 

output spectrum was recorded as a function of the amplitude 

and frequency of the input. This method gives no information 

on the response of the frequency analyzer to the unmodulated 

background portion of the pulse train. 

An rf generator capable of producing sinusoidal vol¬ 

tages with rms amplitudes from a few jivolts to a few volts 

was used as the input source. For this type of input, the 

output spectrum consists of a voltage spike at the corres¬ 

ponding frequency of the input voltage, whose amplitude de¬ 

pends upon the amplitude of the signal at the input. A graph 

of the output voltage spike amplitude in volts versus the 

input rms voltage for the frequency 1.5 MHz is shown in fig¬ 

ure j>. Due to the output amplifier used in the frequency 

analyzer, the analyzer has a logarithmic response to input 

voltages in the range of 300-1000 ftvolts. In the case of the 

HTR it is not in general of interest to know the absolute 

voltages input to the analyzer. Therefore, it is easier to 

consider the characteristics of the analyzer in terms of its 



MICROVOLTS INPUT (RMS) 

FIG. 5 INPUT-OUTPUT VOLTAGE RESPONSE OF THE 

FREQUENCY ANALYZER 
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output voltages. Thus the analyzer has a logarithmic response 

for output voltages in the range of 1.7-4.5 volts. As can be 

seen more clearly in figure 6, the analyzer has a power law 

response for output voltages in the region below 600 mvolts. 

A least squares fit to the data in this region indicates that 

the exponent in the power law is 2.15. 

The data reveals that the frequency analyzer can respond 

to input voltages on the order of a few fivolts. This high 

sensitivity results in considerable problems as far as noise 

in the output spectrum is concerned and as will be seen, the 

noise increases when the preamplifier is placed at the input 

to the frequency analyzer, careful grounding of the analyzer 

during all stages of the calibration will result in noise 

levels ( without preamplifier) of less than 2 mvolts. These 

noise levels should not be confused with the so called noise 

spectrum due to the random arrival times of the electrons. 

Any noise due to interference will be observed as rapidly 

varying voltage spikes over the entire frequency range or at 

only several frequencies corresponding to the frequencies of 

the predominant sources of interference. 

Repeating the gain calibration for various frequencies 

shows that the gain of the frequency analyzer is independent 

of the input voltage frequency, to within experimental error. 

The frequency of any voltage spike in the output spec¬ 

trum due to modulation at the input is determined in terms 

of the amount of time it takes to sweep from the zero marker 
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to the 10 MHz marker. If the time difference is x msec be¬ 

tween the two markers, then any frequency between 0 and 10 

MHz can be represented as a percentage of x msec. Because 

the sweep oscillator is temperature compensated, the scale 

remains linear from 0-10 MHz with temperature even though 

the absolute time difference may change. Thus the percentage 

of x msec for each frequency will remain constant. In order 

to calibrate accurately the frequency scale, a time marker 

generator was used to produce pulses equidistant in time as 

the input to the analyzer. For pulses of separation of 1 

Usee, the ouput spectrum contains voltage spikes at 1, 2, 

...n MHz where n represents the nth harmonic generated due 

to the fast rise time of the pulses. The time displacement 

can then be measured on an oscilloscope. The result in terms 

of percentage time between the markers is shown in figure 1_. 

This calibration curve determines the frequency of any vol¬ 

tage spike seen during the rocket flight. At room operating 

temperature the time difference between the markers is 98 

msec. This means that, for instance, the frequency 1.5 MHz 

occurs at 17.0 msec from the zero marker. Also, remembering 

that the frequency resolution is 50 KHz, this time difference 

means that the sample time for each frequency is .49 msec. 

The straight line drawn in figure 7, represents the least 

squares fit to the data. The data points have fractional 

standard deviations of less than 3%. 
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c. CALIBRATION OF THE PREAMPLIFIER AND FREQUENCY ANALYZER 

Using the same technique as in the calibration of the 

frequency analyzer by itself, a sinusoidal voltage of known 

amplitude and frequency was applied to the input of the pre¬ 

amplifier and the output of the frequency analyzer observed. 

Typical curves for several frequencies are shown in figure 8. 

It is apparent that the curve for any frequency has the same 

gain response as that for the frequency analyzer alone. This 

indicates the preamplifier's gain is independent of the in¬ 

put voltage over the voltage range used. The gain of the 

preamplifier by itself at 2 MHz is 35. By adjusting the 

curve for the frequency analyzer seen in figure j> with the 

gain of the preamplifier for each frequency, good correla¬ 

tion with figure is obtained. 

As long as the gain of the preamplifier is constant for 

any one frequency, then the ratio of the inputs to the ana¬ 

lyzer ( i.e., the outputs of the preamplifier) for any two 

frequencies at a common output voltage is constant - for all 

output voltages. This can be seen more clearly as follows: 

referring to figure 8, for any output voltage, increasing 

the frequency requires the input voltage amplitude to the 

preamplifier be increased to keep the output voltage of the 

frequency analyzer constant. This is consistent with the 

fact that the preamplifier also integrates the signal and 

hence as the input frequency to the preamplifier is increas¬ 

ed for the same input amplitude, the output becomes more 



FIG. 8 INPUT-OUTPUT VOLTAGE RESPONSE OF THE 

PREAMPLIFIER AND FREQUENCY ANALYZER 
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attenuated. For any two frequencies this can be represented 

as: 

vop<fl) = S(fi)Vip(l) 

vop(f2) = S(f?)Vip(2) 

These equations simply represent the fact that the gain of 

the preamplifier is linear with input voltage. The input vol¬ 

tages, Vi n(1 or 2), are the voltage levels present at the in- 

put to the preamplifier with no regard as to frequency. The 

frequency dependent coefficients represent the gain of the 

preamplifier and the attenuation due to integration for the 

particular frequency. 

A similar relationship can be written for the frequency 

analyzer except that the gain is no longer a linear function 

of the input voltage: 

voa(
fi) = g(vop(fi>> 

Voa(
f2) = 9(V0p(f2>> 

where g(Vop) represents the functional dependence of the gain 

of the analyzer on the input volatcp to it. For the same out¬ 

put voltage level but different frequencies this requires: 

9(vop(fl>> = 9(vop(f2)> 

Because the gain of the frequency analyzer is independent of 

frequency, this requires the same input voltage to the ana¬ 

lyzer: 

Vop<
fl> = V°p(f2> 

S{f1)/8{f2) = vip(2)/vip(l) 

Therefore: 



19 

where S(f^)/5(f2) is a constant depending only on the two 

frequencies involved and the constant gain of the preampli¬ 

fier. Shown in figure 9 is a plot of the roll off percentage 

of the preamplifier. The quantity of interest is the ratio 

between two frequencies. For example, S(1.5)/£(5) = .53 

and §(1.5)/5(9) = .28 where the frequencies are in MHz. The 

experimentally determined error in these ratios is only 1%. 

The significance of this constant ratio between frequencies 

will be explained more fully in conjunction with the flight 

configuration calibration. 

As can be seen by comparing figures 5_ and £9, introduc¬ 

tion of the preamplifier considerably lowers the required 

voltage to produce a certain output voltage from the fre¬ 

quency analyzer. At the same time the noise level in the out¬ 

put spectrum is increased to 10 mvolts. Normally the preamp¬ 

lifier is packaged in a grounded can as close to the multiplier 

as possible so that the low signal levels from the multi¬ 

plier have the shortest distance to travel, in determining 

the response of the preamplifier and frequency analyzer with¬ 

out the rest of the HTR, shielding problems become signifi¬ 

cant. interference picked up by the preamplifier is amplified 

and results in a noisey output spectrum. To obtain meaning¬ 

ful results during this type of calibration, the preamplifier 

must be shielded in the same manner as in flight configura¬ 

tion. 
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D. TEMPERATURE CALIBRATION 

A calibration of the output spectrum of the frequency 

analyzer over expected operating temperature was performed 

in order to establish the temperature variation of the out¬ 

put format. Knowing the variation of the temperature monitor 

with temperature, any change in the temperature monitor 

during flight can be used to correct the output voltage am¬ 

plitudes to the calibration data at room temperature. During 

the rocket flight, the temperature of the analyzer changed 

very little. 

For this calibration the analyzer was placed in a vari¬ 

able temperature oven and allowed to stabilize at several 

different temperatures. The variation of the output voltage 

amplitude versus input rms voltage with temperature is shown 

in figure K) for 1.5 MHz. The variation of the frequency 

scale was checked and the fractional standard deviation of 

the percentage time difference between markers ( see figure 

1_ ) for different temperatures was found to be less than 2.3% 

for all frequencies. This indicates that the temperature com¬ 

pensating circuit designed to keep the frequency scale linear 

is operating as expected. 
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IV FLIGHT CONFIGURATION CALIBRATION 

A. DISCUSSION OF CALIBRATION REQUIREMENTS 

Consider an arbitrary modulated flux of electrons at 

the entrance aperture of the HTR. Any function periodic in 

time can be expressed as a Fourier series so that the flux 

is written as: 

j(t) = j0/2 + £ (ancos (n<uot) + bnsin (n<uQt) ) 

Because the modulation mechanism producing this flux is not 

known, it must be assumed that the flux has this general 

form rather than the single frequency component which has 

been assumed up to this point, production of such a flux is 

difficult in the laboratory. However, since the flux is just 

a sum of frequencies, and because the analyzer mixes its 

swept frequency, fs(t) , with all frequencies at its input, 

the output spectrum will contain voltage? spikes at each 

individual frequency present at the input. The variation in 

any particular frequency determined by the output voltage 

amplitude, corresponds to the individual coefficient in the 

above series. If there is only one frequency present, this 

corresponds to all the coefficients being zero but one. The 

flux then takes the form: 

j(t) = j0 (1 + mcos (6>t) ) 

where jQm is the coefficient and m is called the "modulation 

index". For m = 0, j(t) = jQ which is just the average flux. 

Determination of the response of the HTR to fluxes of this 
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form where jQm and a are varied is then equivalent to the 

more general calibration using the flux described in terms 

of a Fourier series. 

Therefore, to calibrate the HTR a flux of the form; 

j(t) = jQ (1 + mcos (tot) ) 

must be produced. For a given modulation mechanism producing 

such a flux, the maximum modulation observable is given by: 

= VV + jo 
where 

% = (j - j0)/j0 = Aj/jQ 

To determine the modulation being seen by the HTR requires 

knowledge of both jQ and Aj. 

For such a flux at the HTR, the pulse train input to the 

frequency analyzer will be n(pulses/sec) with An(pulses/ 

sec) being the variation at the frequency w . Because the 

conversion of flux to pulses/sec is determined independently 

( see section v for the geometric factor calibration ), the 

object of the flight configuration calibration is to obtain 

the response of the HTR to n and An for different frequen¬ 

cies and bias voltages on the multiplier. For the calibration 

to be valid the flux produced in the laboratory must meet the 

following requirements: 

1) Stable over the period of the calibration 

2) Purely sinusoidal, i.e. only one frequency 

3) Amount of modulation must be known and be 

variable from 0 - 100% 



4) Capable of being modulated in the frequency 

range .5-10 MHz 

5) Fluxes must be of the same order of magnitude 
7 

as those expected above an auroral arc (10 - 

electrons/cm^-sec-ster-kev) 

6) unmodulated fluxes should consist of randomly 

10 

emitted electrons 
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B. PRECAUTIONS 

The HTR is a highly sensitive instrument designed to be 

operated in the near vacuum enviroment of the ionosphere a- 

round 200 km. As such, care must be taken in the calibration 

to protect the HTR, particularly the multiplier and the fre¬ 

quency analyzer,from damage. The main problem encountered is 

the necessity of producing a vacuum for the multiplier. Man¬ 

ufacturer's specifications require that the multiplier be 

operated in a vacuum of 10“4 mm of Hg or better. Higher pres¬ 

sure than this results in arcing due to the high voltages 

used with the possible destruction of the multiplier or the 

frequency analyzer. 

Another precaution that should be taken is the filter¬ 

ing of all voltages used to power the frequency analyzer, as 

well as the high voltage power supplies. Because of the high 

sensitivity of the frequency analyzer, any ripple voltage on 

the voltage lines is capable of producing noise in the out¬ 

put spectrum. 
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C. CALIBRATION PROCEDURE 

A calibration designed to determine the response of the 

HTR to an input flux of electrons which has been sinusoid¬ 

ally modulated, was performed using various frequencies and 

amounts of modulation. As has been pointed out, the output 

spectrum of the analyzer for an arbitrary input flux of mod¬ 

ulated electrons consists of a noise spectrum plus a voltage 

spike at the frequency of modulation. The voltage spike am¬ 

plitude is directly related to the amount of modulation in 

the voltage signal input to the analyzer. The desired rela¬ 

tionship is then between the voltage spike amplitude and the 

change in flux for a given frequency and bias voltage on the 

multiplier. Note that to obtain the modulation index ( which 

is just the percentage modulation ), the average flux must 

also be known, in order to analyze flight data this value 

can be estimated from the noise spectrum or it can be ob¬ 

tained from independent measurements. For example, on the 

Nike - Tomahawk series of rockets the flux measurements of 

the Channeltron particle detectors for the corresponding 

energy ranges can be used. 

A block diagram of the experimental setup used in the 

calibration is shown in figure 1JL. The electron gun, des¬ 

cribed below, produces fluxes of variable magnitude, energy, 

and amount of modulation. A Faraday cup which can be placed 

at the point of intersection of the beam and the entrance 

aperture of the HTR, is used to measure the flux magnitude. 
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As has been pointed out, the pulse rate input to the frequen¬ 

cy analyzer contains no information on the energy or direc¬ 

tion of velocity other than the fact that the electrons were 

in the energy and angle response range of the hemispheres. 

Therefore the calibration is performed at only one energy and 

orientation with respect to the flux. The response curves are 

then easily obtained in terms of An and n. The energy used 

was the center energy for maximum response and the entrance 

aperture was perpendicular to the direction of the electron 

flux. The output spectrum was displayed on an oscilloscope 

from which the amplitude measurements were made. 

The construction and electrical connections of the elec¬ 

tron gun are shown in figure 12^. The filament consists of a 

single piece of tungsten wire alternately stretched between 

parallel supports with an average distance between adjacent 

sections of wire of 1 cm. The resistance is placed in paral¬ 

lel with the filament in order to limit the potential drop 

across the filament. The filament is heated by a 12 volt bat¬ 

tery and produces fluxes which are uniform over the aperture 

of the HTR and which are free from any extraneous modulation.~ 

High negative potential is placed on the backplate and the 

filament is slightly positive with respect to this in order 

that the emitted electrons preferentially flow toward the 

grid, in order to modulate the electrons, a grid of wire mesh 

is placed between the filament and first accelerating ring. 

The grid is referenced to the high negative potential on the 
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filament and has a dc bias voltage applied to it, which is 

varied in order to make the grid slightly positive or slight¬ 

ly negative with respect to the filament, variation of this 

bias controls the amount of flux transmitted by the grid to 

the plane of the first accelerating ring. Modulation of the 

flux is accomplished by applying a sinusoidal voltage of 

known amplitude and frequency to this grid in addition to 

the grid bias voltage. 

The calibration procedure requires that the electron 

gun produce a flux of electrons which can be modulated to 

give a known sinusoidal variation in the flux. The response 

of the electron gun for the parameters used to produce this 

flux must be known. An electron emitted from the filament 

will experience a force due to four potentials ( neglecting 

the interaction with other emitted electrons): 1) backplate 

potential 2) grid bias potential 3) potential from the ac¬ 

celerating rings acting through the openings of the grid 4) 

grid sinusoid potential. Because electrons of the same energy 

are used throughout the calibration, the first and third of 

these potentials are constant, the resultant of the two being 

defined as Vc. The flux from the electron gun can then be ex¬ 

pressed as some function of these potentials or voltages: 

j (t) = f(vg + vscos(<ut) + Vc) 

where Vg represents the grid bias and vs the amplitude of 

the grid sinusoid. The high negative potential at which the 

grid, filament, backplate and first accelerating ring are 
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sitting is constant and hence has been omitted from all the 

voltages in this expression. 

In order to produce a sinusoidal flux for all values of 

v . j (t) must be linearly dependent upon v cos (<ut) . But for 
O M 

the analagous situation of a triode vacuum tube, which con¬ 

sists of a filament, grid and plate, this is not the case. 

For example, The current versus grid voltage characteristics 

of a triode have been expressed as ( van Der Bijl, 1920): 

j(t) = (vg + vssin (<ut) + Vc)
2 

where the definitions remain the same. Expansion of this 

results in: 

j(t) = [ (vg + Vc)
2 + 2(vg + vc)vssin(ojt) + 

((VS)
2
/2) (1 - cos (2o>t) ) ] 

The output flux is distorted by the inclusion of the harmonic 

term. Such a flux would limit the accuracy of the resulting 

analyzer response curves obtained from the calibration be¬ 

cause of the assumption in the calibration procedure, of the 

use of a purely sinusoidal flux. Notice that for the example 

given, the amplitude of the harmonic varies as the square of 

the sinusoidal amplitude used. 

The response of the electron gun to such voltages on the 

grid in terms of its flux output is measured by establishing 

a filament temperature and a grid bias value, vQ , for vs = 

0. The grid bias is varied in units of one volt around this 

value and the flux at each point is measured. Superposition 

is then used to construct the response for vs ^ 0. 
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The response of the electron gun used in the calibration 

is shown in figure 13^. The determination of the best value of 

v0 to use will be discussed below. The curve is obviously not 

linear so that any symmetric variation around vQ greater than 

about two volts will produce a variation in flux which is 

antisymmetric with respect to the flux at vQ. It is of inter¬ 

est to calculate the difference between the real variation of 

flux around vQ as calculated from a graph such as figure 13, 

and the variation in flux determined by assuming a linear 

relationship between the change in grid bias and flux output. 

For a sinusoidal flux to result from the application of the 

sinusoidal voltage to the grid, the variation must be linear. 

Therefore, a measure of the amount of distortion in the flux 

that is produced by the electron gun, is the difference be¬ 

tween these two variations. 

Let jQ be the flux at vQ and vs(max) be the peak value 

of the applied sinusoidal voltage. Then the peak variation 

in flux is ( assuming a linear relationship): 

Aj = 1/2[j(vQ + vs(max)) - j(vQ - vs(max))] 

where vs(max) is measured in volts. This method gives the 

average change in flux which the electron gun is producing. 

The real peak variation in flux will not be symmetric around 

vQ. There will be two different changes: 

Ajs (!) = j(vo + vs(max)) - jQ 

Ajs(2) = jQ - j(vQ - vg (max) ) 

If the flux being produced were purely sinusoidal then: 
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Aj = Ajgf1) = Ajs(2) 

The relationship of these quantities can be seen more clearly 

in figure 14. The waveform is plotted for several values of 

v (max) and shows the distortion of the output flux with v_. 

The deviation of the flux from a pure sinusoid ( the Aj 

being this change in flux) can be defined as: 

C= [Ajs(l or 2) - Aj]/Aj 

where because of the normalization chosen either Aj_(l) or 

Ajs(2) can be used. Because the calibration is based upon 

the idea of producing a sinusoidal flux, an upper limit must 

be placed on this deviation. 

in order to obtain an estimate of the relationship be¬ 

tween the deviation and vg, several curves such as figure 

were used to calculate the deviation as a function of vg and 

the results averaged together. The resulting curve is shown 

in figure ljj. The large error bars indicate the large vari¬ 

ability of the flux output of the electron gun. The graph 

shows that for v„ less than 3 volts rras, the deviation will s 

probably be less than 20%. Because voltages of this amplitude 

are necessary to produce large levels of modulation, 20% 

deviation is arbitrarily determined to be the upper limit of 

allowable distortion, in obtaining the curves such as figure 

13 for each calibration, individual deviations should be 

calculated and the result used as an estimate of the error 

of the input data for the modulation response curves calcu¬ 

lated from the calibration data, it should be pointed out 
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that during the actual calibration no harmonic terms were 

noticed in the output spectrum. 

The value of vQ to be used during the calibration is 

that value at which maximum variation in the flux occurs for 

a given emission and vs, and where the flux response to the 

sinusoidal voltage is symmetric as possible. Obviously, as 

seen in figure 3^3, as the grid bias is increased the trans¬ 

mission through the grid is increased. For a maximum varia¬ 

tion in the flux however, vQ must be such that the addition 

of vssin(<ut) to the grid will have the largest effect on the 

transmission of the flux. This point is most easily deter¬ 

mined by monitoring the output of the frequency analyzer as 

a function of the grid bias. The point at which the grid bias 

produces the largest voltage spike in the output spectrum is 

then vQ. This method does not ensure that the flux produced 

is the most nearly sinusoidal obtainable. Calculations of 

the deviation for several values of vs will determine the 

best value of vQ to be used for this criteria, in practice 

the value of vQ used is a compromise between these two re¬ 

quirements . 

The procedure for obtaining the response curves for the 

HTR is as follows: 

1) Determine the value of v to be used 

2) Obtain the relationship between the flux output 

of the electron gun and the grid bias 

3) Convert the flux to a count rate with the knowledge 
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of the geometric factor ( n (counts/sec) = 

(A»Oj ) 

4) Apply a sinusoidal voltage to the grid of known 

amplitude and frequency 

5) Measure the output voltage spike amplitude as a 

function of vs 

6) Calculate the change in count rate, An , for 

vs used from the curve obtained in 2), and plot 

A n versus the output spike amplitude 

This procedure is to be followed for each different filament 

temperature (i.e. each different average flux value), modu¬ 

lation frequency, and gain of the multiplier used in the cal¬ 

ibration. The result will be a set of curves defining the 

response of the HTR to changes in count rate or equivalently 

flux, for a single frequency modulation of the input flux. 
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D CALIBRATION RESULTS 

1) An versus output spike amplitude response 

Figure shows data taken on typical calibration runs 

for the frequencies 1.5 and 5 MHz with respective count rates 

of 2x10® and 4.35x10® counts/sec for the grid bias equal to 

vQ. The bias voltage on the multiplier was 2300 volts corres- 

ponding to a gain of 8.5x10 at the time of the calibration. 

These curves were obtained by following the procedure out¬ 

lined in the previous section. They are not meant to repre¬ 

sent the average response of the HTR, but are intended to 

show that the response of the frequency analyzer to a random 

pulse train with modulation is of the same form as the curves 

shown in figure 8. The frequency dependence is the same as 

has been calculated previously in that the ratio of inputs 

for a constant output voltage is constant and equal to .53 

for the ratio of the 1.5 MHz curve to the 5 MHz one, to with¬ 

in experimental error. The curves below 600 mvolts output 

follow a power law response with the exponent calculated from 

a least squares analysis of 2.14 for the 1.5 MHz curve and 

2.16 for the 5 MHz curve. These values compare well with the 

value obtained previously of 2.15. 

Because of the difficulty in producing constant fluxes 

over long periods of time and in reproducing identical fluxes 

from one calibration to the next, the response of the HTR is 

obtained at one gain and one frequency by averaging over 

different values of the average flux. Averages were taken 
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over curves at the same output voltage with the different 

deviations from a pure sinusoid as obtained from each sepa¬ 

rate curve such as figure JL3, taken into account. Error 

limits are calculated from these deviations and the spread 

in the individual calibrations. The result for 1.5 MHz and 

2300 volts bias voltage is shown in figure L7. The curve 

again shows the characteristic response of the logarithmic 

amplifier in the frequency analyzer. It represents the final 

calibration curve of An versus output voltage spike ampli¬ 

tude for this frequency and bias voltage. 

The corresponding curves for the same bias voltage, but 

different frequencies are obtained by following the same 

procedure for each frequency. As has been shown in figures 

and ]j5 however, the only difference in the response of the 

HTR at different frequencies is a constant input ratio be¬ 

tween any two particular frequencies for the same output 

spike amplitude, use of this fact greatly simplifies the 

calibration in that only a few frequencies need be used in 

the calibration. This allows the calibration results to be 

cross checked so that any systematic errors at one frequency 

can be eliminated. 

At several frequencies between 1.5 and 9 MHz the above 

flight configuration calibration was performed and for each 

frequency, results for different average fluxes were averaged 

together. The results support the above argument. The resul¬ 

ting frequency dependence is plotted in figure 18^ where for 
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simplification the curve of figure JL7 is used as the refe¬ 

rence. Notice, as is shown schematically in figures 3. and 4, 

that the higher the frequency the lower the amplitude of the 

noise spectrum and hence the lower output spike amplitude 

that can be seen above the noise spectrum. The lowest output 

spike amplitude which can be seen at a given frequency, will 

then depend on the average flux, but the same response curve 

( output spike amplitude versus An ) will hold for all fre¬ 

quencies. 

in the region between 50 KHz and 1.5 MHz the output 

spectrum of the HTR is attenuated due to the coupling capa¬ 

citor in the input stage of the frequency analyzer. Because 

this frequency roll up is similar to the frequency roll off 

due to integration, it can be calibrated out in the same 

manner. The result is that in figure 18, frequencies in this 

range will lie above the curve for 1.5 MHz since to produce 

the same output it takes a larger input at these frequencies. 

2 Bias voltage dependence for An versus output spike 

amplitude response 

Referring again to figures Q and JJJ it is apparent that 

the change in count rate, An , can be expressed in terms of 

the jxvolt signal into the preamplifier which produces the 

same output voltage spike. For a given gain of the multiplier, 

each frequency will yield the same relationship because the 

input ratios are the same on both graphs. However, for 
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different gains the relationship will be different because 

of the different pulse size at the input to the preamplifier. 

The gain of the multiplier is defined as the output to 

input ratio of particles: 

G<vb> “ pout/pin 

The gain can also be expressed in terms of the charge or 

current: 

G'vb> = W^in 

The gain curve of the multiplier at the time of the calibra¬ 

tion is shown in figure 19. Because the gain tends to de¬ 

crease as it is contaminated by the atmosphere, the gain 

curve must be measured periodically. The error bars refer to 

the experimental error and not to the expected range over 

which the gain may change with time. 

The gain at some other bias voltage can be written in 

the same form: 

G<vb> = 

Therefore, for the same input current, the ratio of gains 

becomes : 

G(Vb)/G(Vt) = Iout/i;ut = Vlp(G)/Vip(G’) 

where the voltages are the input voltages t$ the preampli¬ 

fier. 

Figures ji and ljî indicate that for the same output spike 

amplitude, a relationship between the jivolt signal into the 

preamplifier and the change in count rate may be obtained. 

Using this data the relationship is: 
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/xvolts = . 286( An) + .004 

where An is in units of 10 counts/sec. But jivolts is the 

same thing as V-J^G) where the gain corresponds to the bias 

voltage of 2300 volts. Therefore: 

vip(G) = .286( An) + .004 

Defining G(V^)/G(V^), one can obtain similar expressions 

for different gains: 

vip(G ) = X(.286( n) + .004) 

Shown in figure 2£ is a plot of (G) versus An for several 
^“P 

gains ( bias voltages), from the data of figures £ and 18 as 

well as the gain ratio for different bias voltages. It is 

evident that knowledge of the An response at one bias vol¬ 

tage allows the construction of the response for other bias 

voltages if the gain curve is correct. This is important 

because of the decrease in gain with time for the same bias 

voltage. If after the flight configuration calibration, it is 

determined that the gain has decreased enough to make in¬ 

creasing the bias voltage necessary, only the gain curve 

need be reconstructed. The flight configuration calibration 

data need only be scaled to the new gain. 

For simplification the flight configuration calibration 

for different gains need be done at only one frequency, in 

this case 1.5 MHz. Tests indicate that changing the gain pre¬ 

serves the response form, but changes the input required to 

produce the same output in accordance with figure J20. in¬ 

creasing the gain also increases the noise spectrum amplitude 
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and hence increases the lowest output spike amplitude which 

can be seen. Figure 21 shows the gain dependence of the HTR 

for the An versus output spike amplitude response, obvious¬ 

ly increasing the gain ( biass voltage ) allows the detection 

of smaller amounts of modulation. This is offset by a resul¬ 

ting increase in the noise spectrum amplitude at the same 

time so that a compromise must be made as to what gain is 

usable as far as the sensitivity of the output spectrum is 

concerned. If the gain is too high for the electron fluxes 

which are expe.ct$d to be encountered, then the noise spectrum 

amplitude will be so high that the existing modulation infor¬ 

mation will be compressed in the logarithmic portion of the 

output spectrum. 
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E. NOISE SPECTRUM VARIATION WITH AVERAGE FLUX 

In order to determine the percentage modulation from 

flight data, an estimate of the average flux present at the 

time of the frequency analysis must be made, one way of ob¬ 

taining this estimate is to calibrate the noise spectrum in 

the output of the analyzer versus the average flux. As has 

been pointed out, the analyzer output for an unmodulated flux 

will be a constant depending on the average flux itself. 

Therefore, by calibrating the noise spectrum with average 

flux in some way, an estimate of the flux can be made from 

the flight data. This will also allow a check on the consi¬ 

derably more accurate value of the flux obtained by other 

detectors on board, which must be transformed to the position 

of the HTR. Because of the variability in the individual vol¬ 

tage spike amplitudes in the noise spectrum, the characte¬ 

ristic used to represent the noise spectrum must be some sort 

of average value. The characteristic chosen was the peak 

value of the envelope of the noise spectrum. This peak value 

occurs at 1.5 MHz ( see figure J3 ). 

The data for this calibration is obtained in the same 

manner as in the An response except that now there is no 

applied sinusoidal voltage on the grid. The output spectrum 

is displayed on an oscilloscope again, but this time a sweep 

is permanently recorded by photographing the spectrum. This 

makes it easier to determine the average value used to rep¬ 

resent the peak of the noise spectrum. This peak value is 
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is recorded for various values of the average flux. By re¬ 

cording on photographs the output spectrum for various fluxes 

and gains, the response of the HTR to unmodulated fluxes is 

preserved for any later reference. This method is also use¬ 

ful in recording the results at other stages of the calibra¬ 

tion. 

The resultant voltage amplitude at 1.5 MHz, vp , for 

various unmodulated fluxes and a gain of 8.5x103 is shown in 

figure 22^. The error bars are estimated from each photograph 

and the large errors indicate the variability in the noise 

spectrum. The solid line plotted is a least squares fit to 

the data points and has the form: 

vp = (.085)(nQ)*97 

where n , the average count rate has the units of 107 counts/ 

sec. The dotted lines indicate the largest variation in the 

exponent of the power law consistent with the indicated error 

bars, variation of the gain simply results in a different 

scale factor so that in general the above equation can be 

written as: 

v = a(n )*97 p v o' 

where the coefficient depends on the gain. 

Being careful to remain in the output voltage range 

where the logarithmic amplifier acts as a power law ampli¬ 

fier, the data for the An and n0 versus output spike ampli¬ 

tude can be combined at 1.5 MHz and for the same gain. De¬ 

fining the output spike amplitude as V(spike): 
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V(spike) = b( An) 14 

where b varies with the gain. Therefore, at the point where 

vn = v(spike), one can write: 
P 97 

a(nQ) = b( An) 2*14 

Thus : 

An = (a/b) *47(n0)*
45 

For a given average flux rate, this formula gives the smal¬ 

lest variation in count rate which the HTR is able to detect. 

Plotted in figure 23_ is the data from figures L7 and 22 

giving the above curve. This graph indicates the range of 

count rates and changes in count rate over which the HTR can 

be expected to operate. The region over which it is prefer¬ 

able to operate is below about 10^ and above 107 counts/sec 

for this gain. Note that the lower limit of detectable fluxes 

is given by the noise level due to the preamplifier, in prac¬ 

tice for the gains used and typical auroral electron fluxes 

this is not a limiting factor. By increasing the gain, the 

range is lowered but it is still limited by the noise from 

the preamplifier. Because of changes in the gain of the mul¬ 

tiplier with time, it is advantageous to be well above this 

region even if some sacrifice in sensitivity is encountered. 
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F. CALCULATION OF THE PERCENTAGE MODULATION 

The percentage modulation or modulation index has been 

defined previously to be: 

m = An/nQ 

To obtain this quantity from the flight data for a single 

frequency, the voltage spike amplitude at the corresponding 

frequency and the peak value of the noise spectrum are meas¬ 

ured from the output spectrum. Then using figures 18^ and 22 

the appropriate values of An and nQ can be determined. To 

obtain the modulation index from the calibration data, each 

separate calibration run obtaining An versus v(spike) as in 

figure JJj must be used. This is because figure 17_ is an a- 

verage over different nQ and hence removes any information 

about nQ. 

It is obvious from the definition of the modulation in¬ 

dex that for an nQ, a graph of m versus output spike ampli¬ 

tude will have the same characteristic shape as shown in 

figures JL6,l/7, etc. except that now the An is divided by 

the constant nQ. The result is a graph of modulation index 

versus v(spike), for the given frequency, flux, and gain. 

In figure is the result for the 5 MHz curve of figure 16. 

Unless an extremely efficient modulation mechanism is at 

work, it is not expected to obtain data for modulations of 

greater than 15-20%. On the other hand it is of interest to 

detect as low a modulation as possible. 

As has been pointed out the uncertainty in the noise 



OUTPUT SPIKE AMPLITUDE (VOLTS) 
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spectrum amplitude is large, making it difficult to define 

an average peak value. Correspondingly any voltage spike 

present in the output spectrum due to real modulation, has 

as its lower limit the noise spectrum and thus is subject to 

its variability. This variability limits the least detect¬ 

able modulation. Theoretical calculations on the least de¬ 

tectable modulation from the pulse train input to the fre¬ 

quency analyzer have been done by Loewenstein (1970). The 

major limitations, both of which vary as the inverse square 

root of the pulse rate, are the noise resulting from the 

random fluctuations in the pulse rate due to the random 

arrival times of the electrons and the noise produced by the 

variation in the pulse height from the multiplier, calcula- 
Q 

tions of these values for a pulse rate of 10 counts/sec 

limits the least detectable modulation to above .25% and 

.12% respectively. 

The experimentally determined least detectable modula¬ 

tion for the HTR as a function of count rate is shown in 

figure 25_. The straight line drawn is a least squares fit 

assuming equal uncertainties in the data points. From the 
g 

graph it is seen that at 10 counts/sec the least detect¬ 

able modulation is about 3%. 

One source for the existing discrepancy is the possib¬ 

ility of different pulse height distributions from the mul¬ 

tiplier for different bias voltages. The experimentally 

determined value used in the above calculation of the gain 
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variation was for bias voltages above 4000 volts, if the 

pulse height distribution were to flatten out for bias vol¬ 

tages around 2500 volts, then the theoretical value for the 

noise due to the pulse height distribution would increase. 

It is not expected that this effect could account for the 

entire factor of ten difference between the observed least 

detectable modulation and the theoretical quantity. Further 

testing is planned to resolve this problem although the re¬ 

sults still indicate that for single frequency modulation 

processes, the HTR is capable of detecting as low as 3% mod- 
9 

ulation for average count rates of 10 counts/sec. 

This concludes the modulation calibration procedure 

that was carried out on the last HTR which was flown on a 

Nike-Tomahawk rocket launched from poker Flat, Alaska on 

24 February 1972. preliminary results indicate that the HTR 

performed as expected and there is some evidence for modula¬ 

tion occurring in precipitating auroral electrons. 



V GEOMETRIC FACTOR CALIBRATION 

„A. INTRODUCTION 

In order to establish a correspondence between detector 

output ( pulses/sec or counts/sec) and particle flux input 

( particles/cm^-ster-sec-kev), and to ensure correct opera¬ 

tion for the multiplier-hemispheres section of the HTR, a 

geometric factor calibration was performed using the CPLEE 

chamber and associated equipment. The output in counts/sec 

was recorded as a function of orientation with respect to an 

electron beam of known average flux and energy, using stan¬ 

dard geometric factor calculations as shown below, the geo¬ 

metric factor was obtained as a function of energy and then 

integrated over energy to obtain the total geometric factor 

for the HTR. One of the main determinations in selecting a 

hemispherical energy analyzer was that a large geometric 

factor would be obtainable, on the order of 10 cm . previous 

calibration and the present analysis show that the design 

criteria have been met. 
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B. GEOMETRIC FACTOR THEORY 

The output of the multiplier - hemisphere section of the 

HTR in counts/sec can be related to the input differential 

particle flux by: 

N(counts/sec) = J3 (E)j(E)dE 

where j(E) is the differential particle flux and has units 

of particles/cm -ster-sec-kev. G(E) is the geometric factor 

and is assumed to be independent of particle flux. In cali¬ 

bration a monoenergetic, unidirectional beam of electrons is 

used to obtain the geometric factor at some energy E': 

N (E1 ) = G (E1 ) j (E1 ) 

The geometric factor is defined in terms of three variables; 

G (E) = A (E) * e(E) *n(E) 

where A(E) has the units of cm , e(E), the efficiency, has 

units of counts/particle and Q(E), the angular response func¬ 

tion, has units of steradians. 

The angular response function is determined by summing 

over the response at various angles and normalizing to the 

maximum count rate for that particular energy. Definition of 

the angles is shown in figure 26. in practice a value of j8 

is selected and a is varied over the limits of response. The 

range of angles over which the hemispheres respond was de- 

o . n . ° o o 
termined to be; -75 = P ~ 15 , -45 S “ < 45 . The instrument 

is stepped by equal amounts and the count rate recorded at 

each point. Therefore; 

fi(E) E)AaA/3/l^ax(E) 
a P 
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FIG. 26b FRONT VIEW SHOWING THE /3 COORDINATE 
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where A a and A/3 are the step size, using the above normali¬ 

zation it follows that: 

Nmax(E) « A(E)* f (E). J 

where j is the unidirectional, monoenergetic flux used. The 

method does not yield the separate determination of A(E) and 

e(E), but this is not necessary in the calculation of the 

geometric factor. 
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c. CALIBRATION PROCEDURE 

The multiplier - hemisphere section of the HTR was 

placed in the monoenergetic, unidirectional electron beam, 

and the response was obtained by varying the angles as.de¬ 

fined previously. Upon successfully passing through the 

hemispheres, the electrons are detected by the Johnston MM-1 

electron multiplier. The output pulse train is fed to a 

Johnston PAD-1 preamplifier - discriminator and thence to a 

data tape. The flux of electrons is obtained by uv stimula¬ 

tion of a gold plated cathode and the subsequent acceleration 

of the electrons to the desired energy is accomplished by 

accelerating rings at voltages determined by the high nega¬ 

tive voltage on the cathode. The flux is controlled by a 

shutter arrangement which varies the light which is allowed 

to fall on the cathode. A schematic of the electron gun is 

shown in figure 27. 

The highest usable flux is defined by two restrictions: 

1) the output of the multiplier must not exceed one /xamp 

2) the count rate must be in the linear range of the pre¬ 

amplifier being used. It turns out that the latter is more 

restrictive and it places an upper limit on the flux which 

can be used of 1.7x10 electrons/cm -sec. This is quite a 

low flux to produce with the electron gun being used and be 

assured that the flux remain stable over the calibration 

period. One method of at least partially overcoming this 

problem is to decrease the gain of the multiplier so that 
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less of the pulse height distribution will pass the discri¬ 

minator in the Johnston PAD-1. To include this effect in the 

geometric factor, the count rate from the preamplifier - 

discriminator was recorded as a function of the bias voltage 

on the multiplier for a constant input flux to the hemi¬ 

spheres. As the bias voltage increases, the count rate will 

saturate- indicating all pulses are passing the discriminator. 

Defining this saturation count rate as c, the fraction of 

count rate at any bias voltage, , which is passed by the 

discriminator is given by: 

F(Vb) = count rate at V^/C 

This fraction is independent of energy and orientation of the 

hemispheres because changing the bias voltage changes only 

the gain of the multiplier. A typical curve of the fraction, 

F , is shown in figure 2j3. Inclusion of this factor in the 

geometric factor formula results in the geometric factor 

being given by: 

G (E) = A(E) • e(E)-n(E)/F(Vb) 
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D. RESULTS OF THE CALIBRATION 

1. Experimentally determined geometric factor 

Two separate geometric factor calibrations were done; 

. . 5 
one with an average flux incident on the HTR of 1.32x10 

(electrons/cm^-sec) hereafter called the "low flux curve", 

and the other of 4.65x10 (electrons/cm -sec) hereafter 

called the "high flux curve". The factor increase in flux 

magnitude is 3.5. calibration procedure and data reduction 

were identical in both cases and according to the geometric 

factor theory given, the two curves obtained should be iden¬ 

tical to within experimental error. The resulting curves of 

geometric factor versus energy are shown in figure 29. 

There are two problems with these curves; 

1) The change in geometric factor with flux 

2) The high degree of asymmetry around the value of the 

energy for which the geometric factor is a maximum, 

Unless one is willing to ascribe the first problem to a 

large experimental error ( the high flux curve is an increase 

of 75% over the low flux curve at worst ), it must be due to 

a calibration error. It should be pointed out that this pro¬ 

blem cannot be explained in terms of saturation of the mul¬ 

tiplier. Saturation would cause a lowering of the output for 

higher count rates which is just the opposite of what is ob¬ 

served. However, the second problem could be a result of 

some unknown details about the energy response of hemisphe¬ 

rical analyzers. An investigation of the expected properties 
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from independent sources is then warranted. If the energy 

response is really asymmetric then a more accurate calibra¬ 

tion must be devised. 

2 Expected transmission characteristics of spherical 

analyzers 

Quantities of interest in the transmission properties 

of a spherical analyzer are: respective radii of the hemi¬ 

spheres, r^ and r2 , the mean radius, RQ = 1/2( r^ + ^ ), 

the hemisphere separation, R = (r2 - r^), the ratio of sep¬ 

aration to the mean radius, AR/RQ • and the voltage applied 

between the hemispheres, v. Shown in table J_ are the values 

for these quantities for the two pair of hemispheres used in 

the HTR. The energy of an electron which enters normal to 

the entrance aperture of one of the pair of hemispheres and 

moves between the hemispheres along the zero potential sur¬ 

face in a circle is given by: 

EQ = eVR0/2AR 

where v is in volts. For the hemispheres used in the HTR 

this gives energies of 5800 ev and 3920 ev for the outer and 

inner pair of hemispheres respectively. The approximate 

bandpass can be determined from: 

EBp = ( 1 + AR/2R )E0 

Calculations of the transmission characteristics of 

spherical analyzers have been done by many people, paolini 

and Theodoridus (1967), Theodoridus and paolini (1969), 

Loewenstein (1970), and Roy and carette (1971) for example. 



SPECIFICATIONS OF HTR HEMISPHERES 

INNER PAIR OUTER PAIR 

INNER RADIUS, ri 2.54 4.06 

OUTER RADIUS, r2 3.68 6.02 

MEAN RADIUS, RQ 3,11 5.04 

SEPARATION, A R 1.14 1.96 

AR/RQ .367 .389 

VOLTAGE, V 2880 4500 

TABLE 1 DIMENSIONS ARE CM AND VOLTAGES ARE IN 

VOLTS 
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The problem in comparing theoretical work is that most of it 

is concerned with high energy resolution spherical analyzers 

where AR/Rq<. 2. Because AR/Rq; approximates in radians the 

maximum angle, am, for which passage of particles occurs 

through the hemispheres, a small AR indicates a smaller 

solid angle over which the hemispheres can respond. Because 

the HTR is designed to have a large geometric factor, a 

large solid angle is needed. Hence AR/RQ>.2 and extension 

of arguments for AR/Ro<*2 may not prove to be correct. To 

illustrate this problem consider the theoretical work of 

paolini and Theodoridus (1967) and Roy and Carette (1971). 

paolini and Theodoridus theoretically calculate particle 

trajectories through a spherical analyzer assuming only cir¬ 

cular trajectories. Their approximation is good for: 

R/2Ro < < 1 

which for the HTR is equivalent to .2 < <1. The configuration 

for the HTR is then probably a borderline case as to whether 

the analysis will hold or not. From their calculations they 

obtain values of the energy resolution and center energy 

which they compared to experimental results using hemispheres 

with AR/Ro = .126 and an angular aperture of * 7° for a. 

For uniform beams over the aperture area they obtained sym¬ 

metric energy response curves with respect to E , which agrees 

with their theoretical calculations. 

However, the work of Roy and carette suggests the pos¬ 

sibility of a high energy asymmetry for spherical analyzers 
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of AR/R — .3 with entrance and exit slits, especially as 

one increases the slit width. As the HTR essentially has a 

slit width of AR, it is conceivable that this could explain 

the high energy response obtained in the geometric factor 

calibration. Their method is to theoretically inject 100,000 

electrons at the entrance aperture of the spherical analyzer 

with each electron having a different position, different 

velocity, and different direction of velocity. Each particle's 

trajectory is calculated and the number of particles appear¬ 

ing at the exit aperture is counted. No variation is assumed 

in the /3 coordinate and the practical considerations of scat¬ 

tering and fringing fields are ignored. 

In order to determine whether there was any asymmetry 

present for analyzers such as those used in the HTR, Roy and 

Carette performed their calculations using the specifications 

shown in table 3.. The resulting curves are shown in figure 30. 

Obviously both spherical analyzers exhibit symmetry around 

the center energy. The reason an asymmetry occurs for sphe¬ 

rical analyzers with slits at the entrance and exit apertures 

is that the available angular response is altered. Referring 

to the same a directions as shown in figure 2j3, introduction 

of the slits causes a.j_ to be larger than the available a_. 

This means that the contribution due to a_ceases before that 

due to a_|_. Hence electrons injected toward the inner hemi¬ 

sphere can be transmitted with larger angles of incidence 

than those injected toward the outer hemisphere and thus 
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they can be transmitted with a higher energy. In the case of 

no slits the contributions become equal and there is no 

asymmetry. Thus neglecting scattering and fringing fields, 

there appears to be no basis for any asymmetry in the energy 

response of the hemispheres used in the HTR. Of course the 

use of two pair of hemispheres will alter the geometric fac¬ 

tor curve on the low energy side. 

During previous calibrations it was determined that for 

high )3 , some high energy electrons were being detected by 

the multiplier when they should have been out of the pass- 

band of the hemispheres. To eliminate this problem a set of 

baffles was installed in each pair of hemispheres at posi¬ 

tions where the skipping of electrons at high /3 would be 

stopped. The possibility that skipping of electrons for high 

a is contributing to the angular response function might ex¬ 

plain the observed high energy response, as the skipping 

would tend to increase with increasing electron energy. 

In the calibration the limiting angles were chosen on 

the basis of whether the count rate had fallen to zero or 

not. Theoretically the maximum angle for transmission can be 

calculated from (Loewenstein 1970)î 

a m = AR/RQ 

in radians. For the larger pair of hemispheres used in the 

o 
HTR this yields = 22 . Thus one can estimate the effect 

of scattering at two different energies by summing the con¬ 

tribution to the cotint rate for am >22° and finding the 
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percentage to the total ft(E). If for high energy the percen¬ 

tage is larger it is an indication that the high energy asym¬ 

metry is due at least partly to scattering. 

An example of a typical curve with j3= 0 and E = 5800 eV 

is shown in figure 3_1. The displacememt of the peak counting 

rate from the a - 0 point is probably due to an incorrect 

definition of the origin in the calibration. As long as the 

total response is covered, it makes no difference in the geo¬ 

metric factor calibration. By integrating only the portions 
° 

of such curves for am > 22 , one will obtain an estimate on 

the effect of scattering on the angular response function. 

This type of integration was done for the energies 5000 and 

7600 eV. The latter energy is outside of the theoretically 

calculated passband of the hemispheres and hence a large 

increase in the percentage would indicate a substantial con¬ 

tribution to the asymmetry in the energy response by scat¬ 

tering. The respective percentages however, are 22% and 20% 

for the low and high energies indicating that scattering does 

not contribute to the asymmetry. 

Thus the asymmetry in the geometric factor can not be 

explained as the consequence of any real response of spheri¬ 

cal analyzers. Therefore, the problem of explaining large 

differences in experimental at different energies is elimina¬ 

ted. 
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3 Evidence of a calibration error 

There are two conditions imposed on the input flux by 

the geometric factor formulas that were used: 1) flux must 

be unidirectional 2) flux must be monoenergetic. If condition 

one was not fulfilled by the flux used in the calibration, 

and a large portion of the electron flux was at a different 

a than the rest of the beam, then there would be two peaks in 

the response graphs. One peak would be at the correct position 

and the other at the angle a corresponding to the different 

direction of approach of the beam. As this evidence was not 

found in any of the graphs it is assumed that the first con¬ 

dition is fulfilled. 

If the beam was not monoenergetic, the contribution of 

different energies to the geometric factor curve could be 

responsible for the asymmetry and if the percentage contri¬ 

bution increased with a lowering of the flux magnitude as 

read with the Faraday cup, the variation of the geometric 

factor with flux could be explained. Referring to figure 27. 

the only place different energy componenets of the flux could 

be created is at the accelerating rings. Because the Faraday 

cup is energy insensitive, the flux readings will not allow 

one to determine if any different energies are present in the 

flux. 

The expected ejection mechanism is direct uv stimulation 

of the accelerating rings. Any electron given off by one of 

the rings near the cathode will experience a large force due 
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to the ground plane which will overcome the small relative 

difference between adjacent rings. The electrons can then 

become components of the main electron beam and be counted. 

As has been stated before# the method for controlling the 

electron flux is a shutter arrangement which limits the 

amount of uv allowed to fall on the cathode. It is argued 

that when small shutter openings are used a larger propor¬ 

tion of the uv falls on the rings than for large shutter 

openings ( high flux ). 

Shown in figure 32. is a plot of A(E)* e(E) for the two 

different calibrations done. The definition of A(E)*e(E) is: 

A (E) * c (E) = Nmax(E)/j 

which is constant for a monoenergetic flux ( for the same 

energy and different fluxes ). The relative maxima in the 

low flux curve suggest that each maximum could be due to a 

different energy component of the flux passing through the 

real response of the hemispheres. Thus one could consider 

each ring increasing in energy as the cathode energy is in¬ 

creased and their contributions on the high energy side where 

the cathode energy is beyond the passband of the hemispheres 

adding together to give erroneous results. If this is so 

then the ratio of cathode energy of each bump to the center 

energy should be the same as that calculated from the geo¬ 

metry of the electron gun. 

Consider an electron gun with 10 equal potential drops, 

AE# from the cathode energy to ground. Let EQ be the energy 
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at which maximum transmission occurs through the hemispheres. 

Each accelerating ring will reach this energy when: 

E - n AE = EQ 

where E is the energy of the electrons emitted by the cath¬ 

ode. For equal potential drops: 

AE = E/10 

Therefore: 

E = [ 10/( 10 - n )]E 

where it is the cathode energy, E , which is recorded by the 

Faraday cup. This equation yields as the cathode energies at 

which the first three accelerating rings emit electrons with 

energy E0 : n = 1, E = 1.1EQ ; n = 2, E = 1.25EQ ; n = 3, 

E = 1.43E0. The error involved in not including the possible 

5% variation in the resistors used to form the AE between 

the accelerating rings is small compared to the error in the 

geometric factor calibration itself. 

Comparing the expected ratios to those determined from 

figure 3,2 for the low flux curve one obtains good results 

( 4% difference from the calculated value ) for the ratio 

between the second and third accelerating rings'energy and 

the center energy. According to the calculations the first 

ring should give a maximum at 6700 eV, but it is not evident 

from the curve that there is a maximum at this energy. How¬ 

ever, it is apparent that the amplitude at this energy is 

consistent with the amplitude at the other two maximum and 

it is reasonible to assume that the cathode and first ring 
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combine together to eliminate any minimum between them. 

In order to show that such a response can be obtained 

simply by allowing a non-monoenergetic beam to be incident 

upon the hemispheres, a calculation was performed assuming a 

A(E)* «(E) response curve for the larger pair of hemispheres. 

A triangular response was chosen because of the ease of cal¬ 

culation and because the high flux A(E)* «(E) curve shown in 

figure J32. appears to be approximately triangular except for 

the high energy asymmetry. Defining the response function so 

that the maximum occurs at ^ and has a value of unity, then 

the zero points are reached for energies of .8E0 and 1.2EQ. 

The A(E)• «(E) curve which would result from a non-mono¬ 

energetic beam being incident on the hemispheres with such a 

response function is calculated from: 

A(E) • « (E) = %/J 

where E is the cathode energy and Nm is assumed to consist of 

N(E), N(E - AE), etc. In order to obtain a qualitative result 

two conditions are assumed: 1) each count rate due to diffe¬ 

rent energies is assumed to be given by: 

Nm(E - n AE) = A(E - n AE) • « (E - n AE) Jn 

where Jn is the amount of flux at the energy E - nAE. This 

is equivalent to stating that the maximum count rate for these 

energies occurs at the same orientation with respect to the 

flux. For just the first few accelerating rings this approx¬ 

imation should be valid. 2) each accelerating ring contri¬ 

butes the same amount of flux to the electron beam. The basis 
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for this approximation is the fact that the maximum seen in 

figure 32. for the low flux curve have about the same ampli¬ 

tude. The expression then becomes: 

^(Ecath) • ((^cath^cal. = ^m^cath^/J + 2^m^Ecath “ n^E) 

= J<Eoath>/J [AlEcath>-(lEcath>] + 

Choosing the various values of Jcath/
J and Jring/J allows 

one to vary the percentage contribution of the cathode to 

the total flux and also the percentage of the ring contribu¬ 

tion as well as the number of rings. The reason all the rings 

may not contribute is that since the uv lights are located 

in the ground plane, the rings closer to the cathode are 

more likely to be irradiated as the light spreads out. Also, 

any electron given off by an accelerating ring close to 

ground will not experience as large a force toward the cen¬ 

ter of the electron gun as an electron given off by an accel¬ 

erating ring close to the cathode. The probability that an 

electron given off by a ring will impact on the neighboring 

ring increases the farther from the cathode the ring is. 

Shown in figure 33. is the assumed response function and 

two curves for different values of Jcath/J an<^ Jring/J* As 

expected, increasing the percentage of flux due to the 

cathode results in the calculated curve approaching the cor¬ 

rect expression. Note that the curve with Jcath/
J = .35 has 
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approximately the same form as the low flux A(E)*e(E) curve 

shown in figure 32.An exact correspondence is not expected 

because of the approximations involved in obtaining the re¬ 

sponse curve in figure _33_. However, it can be seen that the 

use of a non-monoenergetic beam will result in both the high 

energy asymmetry and also the large difference in geometric 

factor as the flux is changed. 
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4 Estimation of the geometric factor 

The theoretically expected geometric factor can be cal¬ 

culated from the work of Theodoridus and Paolini (1969). For 

a spherical analyzer they define a geometric factor given by: 

G(E) = AE 

where : 

(p and faE are transmission efficiences 

gap is a correction due to finite angular resolution 

A is the area of the aperture 

A a is the angular resolution in a space, taken as the 

full width at half maximum of the appropriate angular 

response function 

AE is the energy resolution, taken as the full width 

at half maximum of the appropriate energy response 

function 

/30 is the total possible angle in j8 space for input 

particles which allows the orbits to pass through 

the exit aperture 

From their calculations Aa AE = 1/4(eV AR/Rq) 3/4, which for 

the hemispheres of the HTR yields 3.28 and 1.98 for the outer 

and inner pair of hemispheres respectively. 

In order to determine an upper limit on the theoreti¬ 

cally expected geometric factor without scattering or fring¬ 

ing fields, the transmission efficiences are set equal to 

one. ( For the hemispheres used in the HTR, 9a^ ~ .99#^g > 

.95, and faE is within 10% of unity. ) 
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Therefore: 

G(E) =« A/30AaAE 

Ao is determined from the geometry of the hemispheres by cal¬ 

culating the total angle subtended by the exit aperture at 

the respective mean radii of the hemispheres. It is calcu¬ 

lated that is approximately the same for both pair of 

hemispheres. Including the respective areas of each pair of 

hemispheres, the sum of the two geometric factors becomes: 

G(E)tot= 
9-4 + 2-4 = 11’8 cm2 

This value will be increased by particle scattering and de¬ 

creased by the various approximations used. 

In order to calculate the geometric factor from the cal¬ 

ibration data, various response limits were chosen on the 

high energy side of the high flux curve for the geometric 

factor. The two extreme band pass limits were chosen on the 

basis of the theoretically expected limit and from the form 

of the curve itself, eliminating only the high energy asym¬ 

metry. The real response will lie somewhere in between these 

two limits. The mean value for the geometric factor from 
o 

these limits is 10.6 cm and the variation is about 20% 

from this for the different values. If one assumes that the 

inclusion of scattering increases the theoretically calcu¬ 

lated G(E), then the experimentally determined result is only 

about 30% low after correcting the theoretical value. This is 

a good estimate of the experimental error involved in this 

calibration. Because of the uncertainty in the electron flux, 
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the geometric factor cannot be calculated with any more 

accuracy with this data. However, even though the data is 

biased towards high energies, the calibration indicates that 

the hemispheres are functioning correctly and the geometric 

factor is within an order of magnitude of the design value. 
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E UNIFORMITY OF THE ELECTRON FLUX 

Up to this point it has been assumed that the entrance 

aperture of the hemispheres was immersed in a uniform flux 

of electrons with different energies. In order to determine 

how uniform the flux was over the physical aperture of the 

hemispheres, an X-Y plot of the beam was made at two flux 

readings with a Channeltron multiplier which has a very small 

aperture area. One flux was ~ 6x10^ electrons/cm^-sec as 

determined by the Faraday cup. This high magnitude was chosen 

to see whether the uniformity changed with flux magnitude. 

The other flux value used was 2.62x10^ electrons/cm^-sec, or 

about twice the value used in the low flux calibration for 

the geometric factor. Only relative levels were of interest 

so that the output is normalized to the maximum count rate 

seen by the Channeltron at the particular flux. 

A contour plot for the lower magnitude flux is shown in 

figure 34, along with the physical aperture size of the HTR. 

The aperture is shown only for comparison and it is not as¬ 

sumed that during the geometric factor calibration the rela¬ 

tionship was exactly as shown. It is seen that at this flux 

the beam is not uniform over the aperture area of the HTR. 

The effect of this on the geometric faclcr calibration will 

be to lower it unless the Faraday cup is recording the flux 

at a position that does not represent the maximum in the 

flux. This is not expected to be the case however, since the 

cup covers a large area ( 5 cm^ ) and is placed directly at 
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the bottom of the electron gun. In order to theoretically 

correct the geometric factor for such a non-uniform flux, the 

transmission characteristics at each point in the aperture 

would have to be known. A much more realistic approach is to 

correct the electron gun. 

-Increasing the flux magnitude has the effect of spread¬ 

ing the observed flux distribution out and also creating 

another peak in intensity. The other peak is due to the other 

uv light shining on the cathode. For low flux rates the shut¬ 

ter arrangement effectively blocks one uv light completely 

out. Thus the distribution in figure 34 is due to only one 

light. Increasing the flux increases the area of uniformity 

so that particle detectors with smaller apertures and higher 

counting rates should not be affected by the non-uniform 

flux distribution. Not knowing the correct relationship 

between the aperture and the flux distribution, and remember¬ 

ing that the geometric factor calibration was done at a 

higher flux, a precise correction to the geometric factor can 

not be made. However, it is estimated that the effect will 

not change the geometric factor by more than 10% because a 

sharp discrepancy in the flux distribution would have been 

detected in the original positioning of the hemispheres in 

the chamber. It would be advantageous to eliminate the ques¬ 

tion entirely however. 

Because of the problems of non-monoenergetic beams and 

non-uniform beams, any future calibration of the hemispheres 
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in the CPLEE chamber will require the designing and building 

of a new electron gun. The primary design criteria will be: 

1) economically feasible 

2) easily controlled flux 

3) monoenergetic fluxes 

4) large area of uniformity at the position of the 

detector. 

At the present time a specific gun design has not been deter¬ 

mined although the idea of an electron gun which produces 

electrons from uv stimulation behind the cathode is under 

consideration. Future studies are planned to determine the 

most practical gun which can be constructed. 



VI IMPROVEMENTS IN THE HTR FREQUENCY ANALYZER 

A. CHANGES IN THE CALIBRATION PROCEDURE 

As was pointed out in section III, the calibration pro¬ 

cedure outlined is not the most efficient or precise tech¬ 

nique that can be used. The importence of the methode is in 

that it shows the overall capability of the HTR to detect low 

level modulation in precipitating auroral electrons. Subse¬ 

quent flight data has shown the need for a more precise cal¬ 

ibration procedure as well as the inclusion of some additional 

tests. 

The calibration procedure described previously ( see 

page 24 ) required measuring the output spike amplitude on an 

oscilloscope which subjects the measurement to any variation 

in the observer's standards. This becomes especially biased 

when the amplitude measurements are being made in the region 

where the modulation signal is of the same order of magnitude 

as the noise spectrum amplitude. Because the distinguishing 

characteristic between the two is the constancy of the modu¬ 

lation signal ( for a mechanism producing a constant amount 

of modulation ), it would be advantageous to statistically 

determine whether a signal at some frequency is occurring 

more often than the random fluctuations due to the noise 

spectrum at that same frequency, as long as it is possible 

to produce stable modulated fluxes in the laboratory. This 

would eliminate any guess work and give a more accurate 
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answer for the least detectable modulation which can be seen. 

Using the same experimental setup as used previously, 

we plan in future calibrations to record the output spectrum 

on magnetic tape as well as observe it visually on the os¬ 

cilloscope. This immediately gives one the opportunity of 

providing a permanent record of the calibration for reference 

at some later time. But even more importent, this calibration 

data may be input to the flight data analysis programs which 

have been written. For example, the calibration data con¬ 

taining modulation at some frequency and change in flux, may 

be input to the cross-correlation programs where successive 

time records ( frames ) are correlated. For modulation at a 

single frequency there should appear a large correlation at 

zero lag time and a constant correlation for other lag times 

corresponding to the constant noise spectrum. Of course the 

variability in the noise spectrum will appear in the correla¬ 

tion plot as a random signal about some mean value for what¬ 

ever flux is being used. Correlating a number of sweeps will 

allow the determination of what constitutes statistically 

meaningful output voltage spikes and hence, establishing the 

smallest significant correlation coefficient for a given 

flux. At the same time the correlation analysis will estab¬ 

lish the desired relationship between the correlation coef¬ 

ficient and the modulation index. This means that for single 

frequency modulation, the flight data can be analyzed to 

give immediately the level of modulation. 
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It is also necessary to establish more accurately the 

relationship between the noise spectrum amplitude and the 

flux. This can be done by obtaining the correlation coeffi¬ 

cient at lag times other than zero as a function of the 

average flux or by analyzing data with no modulation. The 

expected variability in the noise spectrum however, would 

tend to make this very uncertain unless the values were 

averaged over time before correlating. A more quantitative 

relationship can be obtained by determining the pulse height 

distribution of the output voltage spikes due to the random 

arrival times of the electrons. From a knowledge of the 

pulse height distribution for a given flux, a mean value can 

be obtained to characterize the noise spectrum. From an am¬ 

plitude analysis of a frame of unmodulated flight data an 

estimate of the mean of the distribution can be made and the 

result compared with the relationship obtained during cali¬ 

bration. Knowing the distribution will also place a definite 

value of uncertainty on the resulting answer. 

The importence of the changes in the calibration pro¬ 

cedure is then an increase in overall accuracy of the infor¬ 

mation obtained. A better estimate of the least detectable 

modulation will also result as well as the elimination of 

any instrumental effects which produce apparent modulation 

even when there is no modulation in the flux. 

There is evidence in the preliminary analysis of the 

flight data that little if any single frequency modulation 
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is occurring. Rather, structure or a finite band of frequen¬ 

cies appears to be the existing modulation. The question 

then arises of how to assign a modulation index to such a 

mechanism which results in the complicated features seen. 

The production in the laboratory of fluxes of electrons 

modulated in a band of frequencies is difficult for the 

frequencies and bandwidths of interest in the HTR. It is 

conceivable that a sweep generator could be used in place of 

a rf generator to sweep a voltage over say, .5 MHz, centered 

around any frequency between 1 and 10 MHz. This voltage 

could be used to modulate the grid of the electron gun and 

therefore produce electrons modulated over a band of frequen¬ 

cies. By altering the voltage amplitude over the frequency 

span of the sweep generator, various modulation structures 

could be produced. Knowledge of the voltage levels required 

to produce these structures and the resulting calculated 

correlation coefficient would make identification of struc¬ 

tures in the flight data more precise. 
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B MODIFICATIONS OF THE FREQUENCY ANALYZER 

Various modifications of the frequency analyzer of 

future HTR's are planned based on the preliminary results 

obtained from the frequency analyzer flown on the last Nike- 

Tomahawk rocket. The first two changes involve changing the 

characteristics of the HTR: 1) Elimination of the frequency 

dependence of the output spectrum. The integration of the 

output of the multiplier by the preamplifier is designed to 

smooth out the fast pulses from the multiplier so that the 

frequency analyzer can respond to the signal. In the one 

stage integration this results in attenuation. Use of a four 

stage integration system with the same integration time is 

planned to steepen the roll off as well as move the break off 

frequency to a higher frequency ( ~ 10 MHz ). The result will 

be a constant response over the output of the analyzer. At 

the same time the low frequency roll off will be eliminated 

by changing the coupling capacitor to a larger value so that 

the cutoff is some where below the range of interest. 

2) Possible change in bandwidth - sweep rate character¬ 

istics. As discussed previously, any change in bandwidth 

must be accompanied by a change in either the frequency span 

( .5-10 MHz ) or the sweep rate. The frequency span is to 

remain the same so that a trade off must be made between the 

desired bandwidth and the necessary sweep rate. At the pre¬ 

sent time it appears reasonable to increase the bandwidth so 

that the sweep rate can be increased to reduce the loss of 
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time resolution in the measurements. Loss of frequency reso¬ 

lution is not serious because as was pointed out, the exist¬ 

ing modulation in the flight data appears in the form of 

structure rather than discrete frequencies. Further testing 

will determine the optimum bandwidth - sweep rate combination. 

The HTR is designed to detect suspected modulation due 

wave - particle coupling in precipitating auroral electrons. 

From preliminary data results of the last flight, it appears 

that the frequency range over which the frequency analyzer 

operates should be kept the same, that is .5-10 MHz. Possi¬ 

ble wave- particle coupling is not restricted to this fre¬ 

quency range however, and it would be of interest to obtain 

information on modulation of 4 - 8 kev electrons at other 

frequencies. Frequencies above 10 MHz are eliminated from 

consideration because frequencies this high would require 

redesigning the frequency analyzer. If it is determined that 

there exists real particle modulation at high frequencies, on 

the order of 9 MHz, then future analyzers can be designed to 

investigate the region above 10 MHz. Below about 1 KHz varia¬ 

tions in the particle fluxes can be detected by a correlation 

analysis of the HTR output spectrum, and below about 100 Hz 

the Channeltron particle detectors in the payload of the 

Nike - Tomahawk rocket are capable of detecting modulation in 

the particle fluxes. However, the frequency range between 

1 KHz and about 200 KHz is essentially a dead zone with no 

information being obtained by the detectors in the payload. 
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The frequency range between 1 KHz and 200 KHz covers, 

particularly on the low end, the phenomena of VLF hiss or 

auroral hiss. Significant studies have been made on the char¬ 

acteristics and occurrence of VLF hiss ( Laaspere et al (1971), 

Gurnett (1966) for instance ) as well as the correlation of 

VLF hiss and precipitating electrons ( Gurnett and Frank 

(1972)). Up to this point the investigations have been con¬ 

cerned with correlation between low energy electrons (< 2 kev; 

see Gurnett and Frank (1972)) and generally low frequency 

(< 20 KHz ) field variations. It would be of interest to in¬ 

vestigate particle modulations from the output of the multi¬ 

plier used in the HTR to determine whether 4-8 kev electrons 

can be modulated at these frequencies. This would give the 

Nike - Tomahawk payload being used the capability of detecting 

modulation of auroral election fluxes from essentially 0 to 

10 MHz. 

Because the pulse train output of the multiplier con¬ 

tains all the frequency information of the input flux ( for 

the values of frequency being investigated ), the information 

on low frequency electron modulation is available. The sim¬ 

plest way to extract the information would be to tap off of 

the pulse train output of the preamplifier and input the 

voltage signal to one or more bandpass filters in parallel. 

For instance, three bandpass filters of 0 - 15 KHz, 15 - 60 

KHz, 60 - 240 KHz could be placed in parallel so that the 

output of each is restricted to frequencies in their 
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respective bandpass. There would be a signal out only for 

modulation in the correct range plus of course the signal 

due to the random pulse train. This would give a time record 

for the flight of any existing modulation of 4 - 8 kev elec¬ 

trons. Calibration in the laboratory of signal levels out of 

these filters as a function of flux will allow the flight 

data to be quantitatively analyzed. 



CONCLUSION 

A calibration has been performed on the HTR which deter¬ 

mines its response to fluxes of modulated electrons in the 

frequency range .5-10 MHz and energy range 4-8 kev. The re¬ 

sponse is characterized by a voltage output ( as a function 

of frequency and bias voltage on the multiplier) which is 

calibrated in terms of the change in flux. Simultaneous in¬ 

formation on the value of the average flux is obtained from 

the output spectrum so that a percentage modulation can be 

calculated. The calibration shows that the HTR is able to 

detect 3% modulation of the electron flux for fluxes on the 

order of 10 electrons/cm -sec. variation of the bias voltage 

will change the average flux that is capable of being detect¬ 

ed by the HTR. For the expected auroral electron fluxes the 

bias voltage required was 2600 volts. 

The geometric factor of the HTR was determined by a 

geometric factor calibration and the value was found to agree 

with that proposed ( -^lO cm -ster), to within experimental 

limits, problems in the production of a large area, monoen- 

ergetic flux during this calibration were encountered and 

the elimination of these problems by the construction of a 

new electron gun is planned. 

preliminary results from the flight data which indicate 

that the experiment performed as required, also suggest mod¬ 

ifications to the frequency analyzer which will improve the 
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response of the HTR for future rocket flights, in particular 

the extraction of information on low frequency modulation 

( 1 KHz - 200 KHz) is proposed in order that the payload be 

capable of detecting modulation from 0-10 MHz. 



APPENDIX 

DERIVATION OF THE POWER SPECTRAL DENSITY FUNCTION FOR A 
# 

RANDOM PULSE TRAIN 

The method used in this derivation is essentially that 

of Davenport and Root (1958). 

The time behavior of the pulse train output of the mul¬ 

tiplier can be represented in terms of the random times of 

occurrences, ti , as; 
00 

f(t) = Z S(t - t±) 
i 

Assuming that there occurs a finite number of pulses in the 

time interval, -T/2 < t < T/2, : 

N 

f(-T/2 < t < T/2) = ^ S(t - t±) 
i 

where N is the mumber of pulses. 

The auto correlation function for such a time record is 

written as: 

R, 

00 

:<'> Sf‘ (t)f(t + r)p(f(t),f(t + r))d[f(t)]d[f(t + r)] —oo 

where r is the lag time. For the above time behavior: 
oo oo N N 

Rf(r) = If'"S Z5(t " ti) Z) 5(t - tj + o x 
o —oo 

p(tl't2' * * *%' N)dNtdN 

The probability, p(t]_,t2#.. .tN, N), is the probability that 

N occurrences will occur at t^ and t2 and t3 etc. using the 

rule for conditional probability: 

p(t1,t2,...tN, N) = p(t1/N,t2/N,...tN/N)p(N) 
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where the first factor on the right is the probability of 

t^ given N etc., and the second factor is the probability 

that there will be N events. This last probability is just 

the Poisson probability density function: 

p (N) = (rT)Ne“rT/N! 

Also, because each pulse is an independent event, and it is 

unknown where in the time interval, T , the pulse occurs: 

p(t1/N,...tN/N) = p(t1/N) ...pCtjj/N) = (1/T)
N 

Therefore; 

00 00 N N 

f(0 = //**/ SS(t " ti) £ 5(t " tj + r>X 

  00 

(1/T^ ((rT)^/N!)e~rTdNtdN 

The solution to this integral can be obtained by dividing it 

into two parts: 1) i = j 2) i # j 

1) i = j, N terms each of which has the form: 
00 00 

f / ~ ~ fci + r ) (1/T)N( (rT)N/N!)e-rTdNtdN 
O —00 

But: 
oo 

f(x') = Js{x - x’)f(x) dx 

— 00 

Therefore, the expression becomes: 
00 00 

f/"/«'><L/T)N( (tT^/N!)e“rTdN"1tdN 
O —00 

performing the intefration over the time period of interest: 
00 

Jt-(rT)N/N J ) e~rT ( 8 ( r ) /T) dN 

2) i ^ j, N2 - N terms each of which has the form: 



80 
00 00 

f + O (l/T)N((rT)N/N!)e-rTdNtdN 
o —00 

This can also be expressed as: 
oo T/2 T/2 

A(rT)N/N )e“rTdN/***/(l/T)NdN"2t /s(t - t^dt X 
<T -T/2'7 T/2 -T/2 

/5(t - tj + r)dt 

-T/2 
But: 

X2 

/»««* = S X1^Î.SX2 
X

1 
The expression then becomes: 

oo T/2 
f ( (rT)N/N!)e“rTdN j' "f (l/T)NdN_2t 

° -T/2 
performing the integration: 

00 

f [ ( rl^/N J ) e“rT ( 1/T2 ) dN 
o 

Therefore, the autocorrelation function becomes: 

Rf(r) = jf( (rTjN/N.I)e"ra^(5(r)/T) + (N2 - N) (1/T2)j 
o oo 

= e“rTr 5(r) (rT)N_1/(N-l) i )dN + 
° 00 

r2 f ( (rT)N-2/(N-2)I)dN 

dN 

But: 
00 

ex = ^2 x*/tî 
1 = 0 

Therefore: 

Rf(r) = e-rTr8(f)erT+ e-rTr2erT 

= rS(r) + r2 

The power spectral density function is simply the 

Fourier transform of the autocorrelation function: 
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Gf (ct>) y*Rf (r)e“i<ytdr 

r + 27rr^5(o>) 

+ fr2e-i<ûtàT 
— PO 

This shows that the power spectral density function of a 

random pulse train is simply the pulse rate, r , plus a 

delta function. 
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