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ABSTRACT

This thesis describes the design and implementation of a relative plasma density probe for 

the Horizontal E-region experiment (HEX) sounding rocket mission conducted by the 

University o f Alaska Fairbanks (UAF). The purpose of the plasma probe in the HEX 

experiment is to confirm the anticipated plasma depletion resulting from the upwelling of 

ionospheric gases theorized to exist poleward of an active auroral arc. The instrument 

uses a conducting band wrapped around the circumference of the rocket payload to collect 

and measure positively charged ions in the vicinity of an auroral arc while following a 

nearly horizontal trajectory. The probe collectors are biased to repel free thermal 

electrons while the ions are “swept up" by the cross sectional area of the probe's motion. 

A separate electrode detects the presence of high-energy electrons within the aurora. The 

resulting collector currents are measured and transmitted to ground equipment for 

archiving and later analysis.
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Symbols

<7, = ion charge

v, = ion drift velocity in the probe rest frame 

Tj = ion temperature 

nij = mean ion mass

V = probe potential relative to the plasma 

Va= probe potential relative to the payload chassis 

V0= Voltage equivalent of particle motion 

A = probe surface area 

s = 1.6 x 10'19 C (electron charge)
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me =9.11 x 10'31 kgr (electron mass)

Abbreviations:
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ACS - Attitude Control System
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1 Introduction

The use of DC plasma probes in the ionosphere is hardly a new development. Many, if 

not most sounding rocket ionospheric probes used in auroral research have included some 

type of DC plasma instrument. What differentiates the HEX plasma probe from the usual 

configurations of this type of instrument is the attempt to exploit the novel trajectory of 

the HEX horizontal rocket to measure the ions swept up by the cross sectional area of the 

collector as it travels through the ionosphere instead of relying on the thermal motion of 

the ions to bring them to the collector. The HEX plasma probe also uses larger collector 

surface areas than usual in order to be able to make measurements of low density plasmas 

as might be encountered in the nighttime ionosphere. The third feature of the HEX 

plasma probe that differentiates it from similar instruments is the azimuthally segmented 

collector electrode intended to detect the presence of high-energy secondary auroral 

electrons and also to attempt to resolve some of the directional characteristics of the 

plasma particles with respect to the translation and rotation of the probe.

It is well known from experience with satellites in low earth orbit that the collection of 

ions is highly directional [1]. In the absence of significant collector bias potential, the ion 

trajectories approximate a parallel ion beam in the spacecraft frame of reference. The ion 

current of a collector with negligible bias potential in such an ion beam is, in the ideal 

case, dependent only on the ion density and beam velocity and is independent of the 

complex geometry o f the plasma sheath. Due to the vagueness o f the plasma sheath, DC 

plasma instruments are usually not able to produce an accurate absolute ion density 

measurement, and are instead used only as indicators of relative plasma density. By 

exploiting the near parallel trajectories of the ions experienced by instrument payloads 

with velocities much greater than the average thermal velocity o f the ions, a more 

accurate measurement of ion density is believed possible.
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2 Horizontal E-Region Experiment (HEX) Overview

The HEX mission seeks to study vertical winds in the ionosphere in the vicinity of a 

stable auroral arc. It is thought that these winds play a significant role in vertical mixing 

and other dynamic processes in the thermosphere and ionosphere. These processes alter 

the density and composition of ionospheric gases encountered by low earth orbit satellites 

operating in these regions, important parameters for their design and operation. While a 

great deal of research has been conducted since the 1960s to study horizontal motion in 

the ionosphere, there is only a limited understanding of the vertical currents. It is this 

omission that the HEX project proposes to address [2].

The experiment utilizes two separate sounding rockets. The first rocket (H-rocket) uses a 

three stage Black Brant X (Figure 2.1) to deliver its payload into a nearly horizontal 

trajectory with a nominal apogee of 165 km (Figure 2.2). The second sounding rocket 

(V-rocket) is launched a few minutes after the first rocket and deploys a near vertical 

chemical trace to characterize the horizontal components of the ionospheric winds. The 

second chart in Figure 2.2 outlines the range of possible trajectories for the H-rocket that 

would produce acceptable scientific measurements. The H-rocket payload consists of two 

sections that are separated in flight The lower section contains a pressurized canister 

containing a tri-methyl-aluminum (TMA) chemical tracer that is released along a near 

horizontal 200 km arc roughly centered on the payload apogee (Figure 2.2). The resulting 

TMA trail will be photographed from three downrange sites located at Toolik Lake and 

Arctic Village in Alaska and Old Crow in Yukon Territory (Figure 2.3). By 

photographing and triangulating on the TMA trail from three downrange sites, the 

position of the TMA trail can be resolved to within a few kilometers as it drifts with the 

horizontal and vertical winds. The upper section, deployed ahead of the TMA canister, 

contains instrumentation to resolve the structure of the auroral arc (photometer) and 

measure changes in the level of ionization of the ionospheric gases (plasma probe).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Vehicle Station 

• in. nep; (in. tnt)

559.17  0 . 0 0  -

50  72 9  
606.74

543.03

555.03

544.03 
540.26

491.78
475.78 
457.88

412.72

39223
34528
37546

212.12

158.15
155.00
147.60

2 9 2 7

-0.00

51.78  -  
52.43  -

75.14  -

94.14  -  

115. 1 4 

118 .8 9 -

167.3 9 

182.39 -  
191. 2 9 -

246 .4 5 

266 .9 4 
273 .7 9 
282 . 6 9 -

447 .0 5 -

491.01  -  

504 . 1 7 
511 .5 7 -

529.9 0 

559. 17 -

Payload

NIHKA

BLACK BRANT VC

TERRIER

Figure 2.1 Fully assembled Black Brant X sounding rocket.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Al
tit

ud
e 

- k
m

4

Black Brant X 35.034

Range-km

Figure 2.2 HEX payload trajectory [2],

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5

Figure 2.3 Proposed horizontal rocket ground track [2].

After separating from the TMA canister, the instrument payload re-orients itself with its 

longitudinal axis normal to the flight path and parallel to the horizon. In this orientation, 

the photometer scans a vertical arc in the plane of the trajectory as the probe rotates on its 

longitudinal axis at a nominal 2.5 rps. As the probe approaches the aurora from the 

south, the photometer detects the auroral emissions as its aperture rotates into a position 

facing into the flight path of the payload. As the probe transits the auroral arc, the 

photometer detects auroral emissions over its entire 360-degree rotation, with the most 

intense emissions in the vertical directions. As the probe moves out of the auroral arc. the 

photometer detects auroral emissions from the receding aurora as its aperture rotates into 

the wake area of the probe. Using these measurements, it will be possible to deduce the 

structure of the auroral arc with a resolution of approximately 1 km.
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As the probe passes through the auroral arc. it is expected to encounter an area of 

increased ionization resulting from high-energy (-1 keV) electrons from the solar wind 

interacting with the rarified gases of the ionosphere (Figure 2.4). As the probe emerges 

to the north of the aurora, it is then expected to encounter an area of vertical wind that is 

the subject of this experiment. It is believed that these movements will transport gases 

from lower, less ionized regions of the ionosphere, up into the path of the instrument 

payload. The plasma probe experiment is designed to detect and quantify the resulting 

decrease in concentration of ions in the space plasmas directly poleward of the auroral 

arc. It is the design, fabrication and integration of the plasma probe that is the primary 

topic of this thesis.

Figure 2.4 A hypothetical sketch of instrument indication profile [2].
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In the next chapter we will explore how the basic principles of space plasma 

instrumentation can be applied to design an instrument that will meet the requirements of 

the HEX sounding rocket mission.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



8

3 Principles o f Plasma Instrumentation

Thermal plasmas consist of a mixture of neutral particles, ionized gas molecules, and free 

electrons. Ionized gas molecules may be positive or negative, singly or multiply ionized. 

For the purpose of this discussion, we will consider the plasma to consist only o f singly 

ionized positive gas molecules (collectively referred to as ions) and free electrons. The 

essential principles governing most present day plasma instruments were first presented 

in the 1929 paper. The Theory o f  Collectors in Gaseous Discharges by M.M. Mott-Smith 

and Irving Langmuir [3].

3.1 Electrode Charging

The number o f particles of a plasma in thermal equilibrium having a given range of 

velocities follow a Maxwellian distribution given by

where N  is the relative number of electrons with velocities betw een v and v - Av and A is 

given by

The probability distribution reaches a maximum at a velocity given by equation (3.3) and 

illustrated in Figure 3.1 [4].

N  = A v'e2 -mv-,'2kT (3.1)

(3.2)

(3.3)
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Figure 3.

electron velocity at 1160 K

km/s

ion velocity at 1160 K

1 Velocity distribution of ions and electrons in a thermal plasma at 1160 K.
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At the nominal HEX apogee of 165 km. the International Reference Ionosphere (IRI) [5] 

model predicts the ion composition to consist of approximately 40% O2” and 60% NO*. 

Using the IRI model for ion composition, an average molecular weight of approximately 

31 atomic mass units can be assumed for the purposes of ion thermal velocity calculation. 

The plasma probe design case assumes a plasma temperature of 0.1 eV (1160 K). higher 

than the 700 K temperature predicted by the IRI to ensure a conservative design. Using 

the above design parameters for the plasma probe, equation 3.3 predicts the most 

probable velocity of ions and electrons to be 0.77 km/s and 187 km/s respectively 

(Figure 3.1).

If a conductor is suddenly immersed in a plasma, the conductor and surrounding plasma 

are both initially electrically neutral. The normal thermal motion of the plasma particles 

results in positive ions and electrons colliding with the conductor and transferring their 

electrical charge to the conductor. However, because the velocity of the electrons is more 

than two orders of magnitude greater than that of the ions, more collisions will occur with 

electrons than with ions. This results in the conductor accumulating a net negative 

charge. As the conductor continues to accumulate negative charge, it begins to repel 

thermal electrons at the low end of the velocity distribution and attract increased numbers 

of positive ions, imparting a net positive charge to the plasma immediately surrounding 

the conductor. This process continues until equilibrium is reached, with the current from 

collisions with free electrons exactly equal to the current resulting from collisions with 

positively charged ions. For the HEX plasma probe design, this is expected to occur 

when the conductor reaches a potential of approximately -0.42 V.

3.2 Plasma Sheath

A conductor that is biased negatively with respect to the ambient plasma will repel 

electrons and attract positive ions. This creates a region of space with a net positive 

charge surrounding the conductor. At some distance, the net positive charge in this 

region will equal, and therefore cancel, the negative charge on the conductor. This region
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of space surrounding the conductor with the net positive charge, known as the sheath, 

electrically shields the conductor so that its electric field does not extend beyond the 

sheath boundary. The thickness of the sheath varies with temperature and particle 

density and will extend a few Debye lengths (the distance at which the electric field is 

reduced by 63%) from the conductor.

The Debye length in cm is given by equation 3.4 [6], where kT  is the temperature 

equivalent energy in eV and n is the single species density of the undisturbed plasma in

While the electric field of a point charge in free space decreases proportionately with the 

square of the distance, within the plasma sheath, electric field potential 0 in the vicinity' of 

a charged body decreases exponentially with distance (Equation 3.6). From an initial 

value of 0o at the surface, the electric field potential falls off rapidly, so that at three 

Debye lengths, it is reduced by 95% from the surface value (Figure 3.2) [6],

For the purpose of our discussion, since the electric field o f the probe electrode becomes 

insignificant beyond approximately three Debye lengths from the collector surface, in 

most cases the sheath can be modeled as ..ogeneous charged region extending three 

Debye lengths from the probe surface. Since the electric field of the probe does not

XD = 740(k7" / n f 12 (3.4)

For a temperature expressed in Kelvins, equation (3.4) may be re-written as

l D =6.9 (T in )1'2. (3.5)

(3.6)
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extend significantly beyond the sheath edge, only those particles in the undisturbed 

plasma whose normal motion intersects the sheath edge can assume orbits terminating on 

the probe surface.

Plasma Sheath

Distance (Debye Lengths)
i_____________________________________________ i

Figure 3.2 Electric field o f a charged object in a plasma.

Plasma instrument collectors are usually designed to operate in either a "thin sheath" or 

"thick sheath" environment. In the thin sheath region, the sheath thickness is much less 

than the radius of curvature of the collector electrode. Thin sheath conditions occur for 

cool, dense plasmas as might be encountered in the lower ionosphere. Conversely, in the 

"thick sheath" region, the sheath thickness is much greater than the radius of curvature of 

the collector electrode. The thick sheath condition is characteristic o f relatively hot. 

low-density plasmas as might occur at higher orbital altitudes or interplanetary space.

If the collector is biased negatively with respect to the ambient plasma, ions that cross the 

sheath boundary will be accelerated toward the collector while free electrons will be 

retarded. The resulting collector current will be the difference between the currents of
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the positive ions and free electrons impacting the collector. If a still greater negative bias 

is applied to the collector until the bias exceeds the voltage equivalent of the temperature 

of the most energetic electrons, then essentially all electrons will be repelled and the 

probe will become saturated and collect only positive ions. The converse is true if the 

collector is biased positively.

For a cylindrical (or spherical) collector immersed in a plasma, the current/voltage 

relationship will be different for probes operated in a thin sheath or thick sheath 

environments. For a probe operating in the thick sheath model, there are many more 

possible orbits that an accelerated particle crossing the sheath boundary could take that 

would not impact the probe’s surface (Figure 3.3).

Thin Sheath Thick Sheath
(Sheath area limited) (Orbital limited)

Figure 3.3 Thin vs. thick sheath ion trajectories.

Since the probe current in a thick sheath environment is primarily dependent on the 

orbital trajectories of the accelerated particles that enter the sheath, this mode of operation 

is often referred to as “orbital limited”. In the thin sheath environment, as the ratio of
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collector radius to sheath radius approaches unity, almost all accelerated ions that cross 

the sheath boundary impact the collector. In this case, the probe current is almost entirely 

dependent on the number of accelerated particles crossing the surface area of the sheath 

(which is nearly identical to the surface area of the probe) and is relatively insensitive of 

the individual orbits these particles take within the sheath. Consequently, this mode of 

operation is often referred to as "sheath area limited".

The plasma sheath does not have a distinct edge, but gradually blends into the 

surrounding neutral plasma and is highly dependent on probe geometry. Langmuir found 

that, in general, the actual dimensions of the sheath could only be accurately determined 

by direct measurement [3]. This is especially true in cases where there is a significant 

drift velocity associated with the particles or irregular shaped structures that distort the 

sheath. If the conditions are met for either the thin sheath or thick sheath environment, 

the current/voltage relationship calculation is simplified considerably. In the thick sheath 

environment, as the ratio o f sheath radius to collector radius approaches infinity (as might 

be the case with a thin wire collector), the terms containing sheath radius approach a 

finite limit so that the sheath radius terms drop out [3]. In the thin sheath environment, 

the sheath radius and collector radius are nearly equal, allowing the collector radius to be 

substituted for the sheath radius. If neither the thin sheath nor thick sheath criteria are 

met. knowledge of the sheath dimensions, which can only be determined experimentally, 

is usually necessary to calculate the probe current/voltage relationship accurately. 

Therefore, plasma probe collectors are usually designed to take advantage of either the 

thin sheath or thick sheath simplifications. Collectors utilizing a thick sheath operating 

mode offer definite size and weight advantages and are usually preferred for space plasma 

instruments [1].

Due to the difficulty of accurately determining the geometry of the plasma sheath and the 

diffuse nature of the sheath itself, plasma instrument designs often seek to exploit the 

thick sheath or thin sheath conditions and specific collector geometries where the
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current/voltage relationship are. to the maximum extent possible, not dependent on the 

uncertainties of the sheath dimensions. Collecting electrodes that approximate a section 

of an infinite plane, a section of an infinite cylinder, or a sphere (where the interference of 

the connecting conductor is negligible) are three such choices. For the purposes of this 

design, we shall consider only the case of a section of an infinitely long cylindrical 

collector.

3.3 Description of Operating Environment

The HEX Plasma Probe is designed to operate in the thermal plasma environment of the 

E-region of the ionosphere at a nominal 165 km apogee. This altitude is at or below the 

practical limit of low earth orbit satellites (160 km) and beyond that of high altitude 

balloons (42 km) and consequently only accessible by sounding rocket (Figure 3.4).

Anticipated thermal plasma densities are expected to be in the range of 10“ cm" to 10 

cm° [7] with a temperature of approximately 0.1 eV (1160 K). The total number of 

neutral gas molecules varies from approximately I0n cm° to 1010 cm° (2.6x l019 cm0 at 

sea level) with an absolute pressure of 10°  to 10"6 mbar.
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Altitude vs. Temp and Pressure

Temperature / Pressure 

 Temp Deg K — Pres mbar

Figure 3.4 Pressure/temperature profile of the earth's atmosphere [8].

Plasma density can be predicted using the International Reference Ionosphere (IRI) model 

sponsored by the Committee on Space Research (COSPAR) and the International Union 

of Radio Science (URSI) [5], Table 3.1 tabulates the model electron density predictions 

for the HEX rocket launch over a range of altitudes near the center of the HEX rocket 

flight path.
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Table 3.1 IRI plasma density model for 02:30 LT 3/25/03.

Altitude

km

Electron
Density

cm-3

T<

Tn/K

smperatu

Ti/K

re

Te/K

80 3 -1 -1 -1
85 282 -1 -1 -1
90 492 -1 -1 -1
95 1779 -1 -1 -1

100 2458 -1 -1 -1
105 2578 -1 -1 -1
110 2581 -1 -1 -1
115 2125 -1 -1 -1
120 1414 370 370 370
125 927 439 439 439
130 673 499 499 499
135 573 552 552 552
140 575 598 598 600
145 661 638 638 655
150 830 673 673 705
155 1077 704 704 749
160 1380 730 730 788
165 1708 754 754 822
1 70 2074 774 774 855

Where IRI parameters are NOT available the fill value -1 is used

The actual plasma density can vary significantly from that predicted by the ERI model, 

especially at high latitudes and in the vicinity of an active auroral arc. Data collected by 

the HEX plasma probe indicates a plasma density approximately fifty times that predicted 

by the IRI (see discussion in Chapter 6).

In order to resolve this discrepancy, a nearly real-time independent measurement of 

actual electron density is required. An alternative estimate of ionospheric electron
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density can be obtained from radio-tomographic images of the ionosphere derived from 

polar orbiting satellites provided as a service of the High Frequency Active Auroral 

Research Program (HAARP) [9]. A plot of electron density in the flight area 

approximately one and a half hours before the HEX rocket launch (Figure 3.5) measured 

electron densities on the order of 80 x 10J cm'3, which compares favorably with the HEX 

plasma probe measurements.

A second distinct population of secondary auroral electrons may be encountered in the 

vicinity of auroral arcs. Auroral electrons originating in the solar wind with energies of 

approximately 1 keV cascade downward into the ionosphere. As they continue down to 

lower altitudes, they collide with and ionize neutral gas molecules. As the electrons from 

the solar wind collide with and transfer their energy to electrons stripped from these 

molecules, the total number of electrons with elevated energies increases while the 

average energy decreases. At the altitude of the HEX experiment, these high-energy 

secondary electrons will have experienced sufficient collisions to assume an isotropic 

Maxwellian velocity distribution with energies of a few hundred eV. The downward 

isotropic Maxwellian energy distribution of these electrons, as modeled by Dr. Dirk 

Lummerzheim [10] of the University of Alaska Geophysical Institute, is illustrated in 

Figure 3.6. The figure depicts the energy distribution as a function of pitch angle, where 

a pitch angle of 180 degrees indicates electrons traveling upward and a pitch angle of 0 

degrees indicates electrons traveling in a downward direction. Although relatively sparse, 

the high energies of these particles, when present can be expected to generate non- 

negligible collector currents that must be accounted for in the plasma density calculations.
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3.4 Application to HEX Plasma Probe

Two separate models are applied to the analysis of the plasma probe interaction with the 

plasma environment depending on the circumstances involved. The probe collectors may , 

be modeled as a segment of an infinitely long cylindrical collector immersed in a plasma 

where the particles have velocities that are:

1. equal in magnitude and parallel in direction perpendicular to the longitudinal axis 

of the collector (a "‘beam" of ions) or

2. oriented randomly in space with a Maxwellian velocity distribution.

The HEX plasma probe is designed primarily as a sheath area limited collector with the 

collecting surface consisting of an electrically isolated conducting band around the 

circumference of the payload with guard rings on either end. The guard rings are biased 

at the same potential as the collector electrodes and are intended to extend the electric 

field of the collector electrodes beyond the limits of the collecting surface to minimize 

fringe effects. If the guard rings are of sufficient width, edge effects at the ends of the 

collector are minimized and the current/voltage characteristics of the collectors 

approximates that of a section of an infinitely long charged cylinder.

In order for the infinite cylinder approximation for the collector to remain valid, the guard 

rings must be large compared to the thickness of the plasma sheath surrounding the 

instrument payload and probe collector. Since the probe could potentially operate in 

plasma densities varying from 102 cm0 to 106 cm0, the Debye length, and consequently 

the sheath thickness, also vary considerably. For the design case plasma temperature of 

0.1 eV, the Debye length will decrease from 24 cm to 0.24 cm as the plasma density 

increases from 102 cm° to 106 cm°. With the sheath thickness taken as three Debye
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lengths, the thin sheath approximation is only accurate for the higher plasma densities of 

the operating range.

At the maximum expected plasma density of 106 cm'3, the Debye length is 0.24 cm. In 

this instance the guard rings are approximately 10 Debye lengths wide and the ratio of 

sheath radius to probe radius approaches unity (1.04). The thin sheath approximation 

works quite well under these conditions. At the nominal expected plasma density of

1.5 X 103 cm'3, the Debye length is 4.7 cm, almost twice the width o f the guard rings 

(Figure 3.7). The ratio of sheath radius to probe radius increases to 1.6. In this instance, 

the simplifications based on a unity sheath to probe radius ratio (thin sheath) become 

marginal. At the lowest expected density of 102 cm'3, the Debye length is 24 cm with a 

ratio of sheath radius to probe radius o f approximately 4.4. Under these conditions the 

guard rings are ineffective at mitigating collector end effects.

Attitude control system
“0 —r*  03 
O  CO^3CD Q)

T Jzroo
3
CD

to73

Figure 3.7 Typical extent of plasma sheath at plasma density 1.5 X 103 cm-3

Since the thin sheath approximation is only marginally met at nominal conditions, other 

simplifications are necessary to obtain an accurate plasma density measurement. The 

current/voltage relationship can be further simplified by biasing the collector in ion 

saturation. That is, the probe is biased sufficiently negative to repel virtually all of the 

ambient thermal electrons. Any current that flows in the collector must then be almost
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entirely the result of ion collection. Therefore, the current/voltage relationship o f retarded 

thermal electrons, which is difficult to quantify, need not be considered.

Additional simplifications are possible considering that the probe velocity (2.5 km/s) is 

greater than 99.9 % of the thermal ions. Under these conditions the probe can be 

modeled as a collector moving through a field of stationary ions, or in the payload frame 

of reference, the ions can be viewed as having velocities nearly equal in magnitude and 

anti parallel to the velocity vector of the probe. As a consequence of this model of ion 

trajectory, a wake area will form behind the probe that will be largely depleted of ions 

(Figure 3.8).
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Figure 3.8 Model of probe ion/electron interaction.

\

By modeling the ions as single velocity unidirectional particles, the current in a collector 

of length L simplifies to

z\ = DLniviq^jl + V /V o for V> -V0 (3.7)
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where «, is the ion density. V is the collector bias voltage, and Va is the voltage 

equivalent of the ion beam (probe) velocity as determined by equation 3.8.

V0 = (l/2mv2)/q (3.8)

The first term of equation 3.7. DLnjvi q , represents the current resulting from ions swept 

up by the cross sectional area o f a cylindrical probe with diameter D  and length L moving 

at velocity of v, cm/s through a plasma with ions o f charge q coulombs and density n, 

cm'3. The term under the radical sign adjusts this quantity for the bias potential. If the 

probe is biased with a negative bias potential V, ions that pass within some minimum 

distance of the probes surface, as depicted by the dark gray area in Figure 3.9, will be 

attracted to, and impact the probes surface. This relationship is applicable until collector 

bias V is increased to the point where all ions crossing the sheath boundary, depicted by 

the lightly shaded area of Figure 3.9, ultimately impact the collector. Once this occurs 

collector current cannot increase further unless the sheath diameter increases [3]. In the 

pure thin sheath model, this condition is almost immediately satisfied and the V / V0 term 

under the radical sign can be disregarded.
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Figure 3.9 Probe interaction with ions in the sheath area.

The assumption implicit in equation 3.7 is that the ions may be modeled as having 

relative velocities that are equal in magnitude and parallel in direction. The 

corresponding relationship where the ions are modeled as having a Maxwellian velocity 

distribution with a superimposed relative drift velocity is given by [1 ]

ii = + kJ) / mV: + 2zV !m.y) ). (3.9)

Rearranging terms, equation 3.9 may be expressed in the more convenient form 

i, = D L n n q iJ l + y& T , !z)/V 0 +V!V0) (3.10)

where e is the unit electrical charge and q is the total charge of the particle.
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In the case of the HEX plasma probe nominal conditions, the l/ 2 (kT” / s)/ Vo term of 

equation 3.10 evaluates to 0.115 and contributes less than 6% to the overall collector 

current under zero bias condition, and even less under nominal bias conditions. Without 

a plasma temperature measurement, the temperature term reduces to an arbitrary constant 

based on an assumed temperature and its inclusion in the final calculations would 

unnecessarily complicate the analysis without adding any quantifiable improvement in 

overall accuracy. Consequently, the temperature term has been omitted in the final 

collector current calculations. This is consistent with the primary objective of the plasma 

probe, which is to provide a “relative'’ plasma density measurement. Including a term for 

the ion thermal velocity could be an enhancement on future instruments o f this type, but 

for the HEX plasma probe there is very little incentive to depart from the constant 

velocity parallel direction model for ion collection.

On the other hand, the electron thermal velocity is two orders o f magnitude greater than 

the velocity of the probe. Consequently, the probe velocity can be disregarded when 

considering probe interaction with thermal electrons. Since the probe will always be 

operated with a negative bias, the electron flow to the collector electrodes is either cut off 

or retarded. In this case, any electron current that flows follows the relationship]^]

ic -  2 n  r l i e '1 (3.11)

with /  and rj given by

(3.12)

and

rj = zV/k T. (3.13)
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The physical area of the probe is given by 2 n  r I. /  represents the drift current of 

electrons crossing a unit area surface, and the e'; term adjusts this quantity for the applied 

probe bias. This relationship may also be applied to probe ion collection during the initial 

portion of the flight when the probe velocity is less than the average thermal velocity of 

the ions and the probe's longitudinal axis is oriented approximately parallel with the 

trajectory [3].

The probe net current will be the sum of the currents of the ions swept up by the cross 

sectional area of the probe as it moves through the ionosphere plus the current from any 

high-energy secondary auroral electrons and/or ambient thermal electrons that are able to 

reach the collectors. Normally, the probe will be biased negatively so that the current 

from ambient thermal electrons will be negligible. Under these conditions, only the 

current resulting from positive ions and secondary auroral electrons (when present) need 

be considered.

In the following chapter, the plasma instrument design principles as applied specifically 

to the HEX plasma probe in chapter 3 will be expanded on to develop a set of design 

parameters and specifications that will become the design guidelines for detail design of 

the HEX plasma probe.
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4 HEX Plasma Probe Design Guidelines

The primary objective of the HEX plasma probe is to provide a relative ambient plasma 

density profile in the region of a stable auroral arc. The probe must be capable of making 

these measurements over the entire range of plasma densities likely to be encountered and 

do so without the use of extendable booms or other active mechanical devices and 

without generating high bias voltages that might interfere with other payload systems.

The probe must also be capable of detecting the presence of high-energy auroral electrons 

that could potentially compromise the ambient plasma density measurements.

4.1 Design Objectives and Constraints

In addition to constraints imposed by the operating environment and science 

requirements, the configuration of the plasma probe is dictated to a large extent by 

mission requirements not directly related to the plasma probe itself. Because of the 

necessity for the Attitude Control System (ACS) to re-orient the probe during flight as 

well as for space and reliability constraints, any type of extendable boom that would have 

to be deployed in flight could not be used. This restriction necessitates fixing the plasma 

probe collectors permanently to the exterior skin of the payload. Furthermore, the 

overall length of the plasma probe is restricted to approximately 25 cm with sensitive 

instrumentation located directly above and below the plasma probe. The proximity of 

other instruments restricts the probe collector bias to relatively low voltages to avoid 

electrical interference with this equipment.

Since the physical dimensions of the experiment necessitate low collector bias voltages 

and because the probe must be capable of measuring low-density plasmas, the total 

collector surface area must be made as large as possible to produce measurable collector 

currents at minimum expected plasma densities. In order to obtain the large surface area 

required for low density, low bias collection, the probe dimensions become too large to
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practically implement a thick sheath model (sheath diameter much greater than the 

probe's radius of curvature). Therefore, the plasma probe is designed assuming a "sheath 

area limited" collector. That is, the thickness of the plasma sheath surrounding the 

collector is assumed to be small compared to the overall dimensions of the collector. The 

majority of the ions entering the sheath area eventually impact the collector surface and 

transfer their charge to the collector. As mentioned previously, the sheath area limited 

approximation is only partially satisfied. Since the probe's velocity through the plasma is 

much greater than the average velocity of the thermal ions, the sheath area limited plasma 

probe collector current is primarily due to the number of positive ions "swept up" by the 

probe's cross sectional area as it moves through the plasma.

Initial assumptions during preliminary design of the HEX plasma probe were that if 

high-energy auroral electrons were encountered during the flight, their density would be 

so low that they would create negligible interference with the primary ion density 

measurements. During detailed design, closer examination revealed that at the low end of 

the range of possible plasma densities, the collector current resulting from high energy 

auroral electrons would be of the same order of magnitude as that from the thermal ions 

that the probe was attempting to measure. The resulting auroral electron current could 

conceivably partially cancel the current from the positive ions resulting in an erroneous 

indication of decreased ion density without giving any indication that the accuracy of the 

instrument had been compromised. It was decided that the probe should ideally quantify 

the collector current produced by auroral electrons in order to compensate the ion current 

measurements or, at a minimum, detect their presence and reject the corresponding ion 

current measurements as erroneous.

Auroral electrons, when present, possess energies from a few hundred eV up to as much 

as 1 keV. Because of their high energies and the low bias voltage capability of the 

plasma probe, there is no practical method o f preventing auroral electrons from impacting 

the probe collectors with the selected design configuration. Even if the probe could
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generate negative bias sufficient to repel auroral electrons, the high negative bias would 

strongly influence the trajectories of the surrounding ions, invalidating the ion parallel 

beam model that the probe design is based on. If the instrument did not address auroral 

electron currents, these high-energy electrons could partially offset the ion current 

flowing through the collector resulting in a false indication of reduced ion density -  

exactly the condition that the probe hopes to confirm. Since auroral electron collection 

cannot be prevented, the probe must be able to detect the presence of auroral electrons so 

that auroral electron current can be compensated for during final data analysis. Auroral 

electron detection could also be used to confirm photometer indication of probe 

penetration of an auroral curtain.

The method selected to make this measurement was to segment the main collector band 

into two separate electrodes. The smaller o f the two electrodes would be small enough 

that when the probe's rotation carried it into the trailing edge of the probe, it would be 

completely within the wake caused by the probe's motion through the ionosphere. Since 

the wake area of a payload is largely depleted of ambient thermal ions and electrons [1], 

in the absence of high-energy auroral electrons, the secondary collector current should 

approach zero within the wake. Auroral electrons have sufficient energy to penetrate the 

wake and will create a positive current flow from the probe electronics to the secondary 

collector. Since neither thermal ions nor thermal electrons can penetrate deeply into the 

probe's wake, any positive current measured while the secondary collector is fully within 

the wake must therefore be the result of auroral electrons.

For the instrument to function as a single species collector, the probe must be biased 

sufficiently negative to repel enough of the ambient thermal electrons so that the electron 

current is less than the instrument resolution. Because the electrons are much more 

mobile than the heavier positive ions, the flux of electrons crossing the sheath boundary 

will be much greater than that o f ions. Solving numerically for the electron flux crossing 

the sheath boundary, the probe collectors must be biased to repel at least 99.9% of the
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thermal electrons before the electron current falls below the instrument resolution 

threshold.

4.2 Plasma Temperature Measurements

As a consequence of the collector's relatively large surface area, electron temperature 

measurements, while they would have been scientifically useful, were not feasible. 

Typically, plasma temperatures are determined by sweeping the probe bias through the 

electron retarding region of the probe's current/voltage curve. The electron retarding 

region is the range of probe biases that are negative with respect to the neutral plasma, but 

not so negative as to completely cut off all electron flow to the collector. Within this 

region, the absolute temperature is inversely proportionate to the slope of the logarithm of 

collector current plotted against bias potential (Equation 3.11). Outside of this region, 

where the collector is biased either in ion saturation or in the electron accelerating region 

(positive probe potential), the collector current is only weakly correlated to temperature 

(see Equation 3.10) and an accurate temperature measurement is usually not practical.

Before proceeding with the discussion o f plasma temperature measurements, it is 

important to clarify the distinction between the electrical potential of the collector as 

referenced to the payload chassis (Va) or as referenced to the neutral plasma (V). Particles 

within the plasma respond to the absolute potential (V) between the undisturbed plasma 

and whatever charged bodies are immersed in the plasma. On the other hand, since there 

is no way to connect a ground reference conductor to the neutral plasma, payload 

instruments must ultimately reference all voltage measurements to the payload chassis 

(F0), which, because of the charging phenomenon previously discussed, typically floats 

several hundred millivolts negative with respect to the undisturbed plasma of the lower 

night-time ionosphere. Since the plasma temperature determination depends on the shape 

of the probe current/voltage curve and not its absolute value, as long as this offset 

remains stable, it will not affect the temperature measurement.
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Consider in detail the implications of sweeping the plasma probe bias from ion saturation 

through the electron retarding region. Conservation of charge requires that the current 

flowing from the plasma into the probe collector must be balanced by an equal and 

opposite current flowing out o f the conducting surface of the payload skin to the plasma 

environment. The electrons are much more mobile than the ions and impact surfaces 

immersed in a plasma in greater numbers than ions at corresponding bias potentials. 

Consequently, a given collecting surface biased positively with respect to the plasma will 

draw a much larger current (in absolute terms) than when it is biased at an equal negative 

potential. If the collecting area of the counter electrode (the electrode that forms the 

return path to/from the plasma for the collector current) has insufficient conducting 

surface area, the counter electrode will reach ion saturation before the probe collector 

sweeps through the entire electron retarding region. Once this occurs, the probe positive 

current (out of the collector) will continue to increase exponentially with increased 

absolute potential, as is required for electron temperature measurements, but the counter 

electrode positive current (into the counter electrode) increases only proportionately to the 

square root of its absolute potential.

The payload skin has its own current/voltage relationship, and as a general rule, in order 

to provide a stable reference, must have a total surface area several hundred times larger 

than the combined areas of the collectors and guard rings to provide a stable reference 

voltage for the probe [11], [1]. The design of the HEX plasma probe utilizes the 

conducting area of the payload skin, which is only about ten times the area of the plasma 

probe collectors, as its counter electrode. The current/voltage curves for the plasma probe 

collector, the conducting surface area of the remainder of the HEX payload, and a 

hypothetical counter electrode with an area 100 times larger than the plasma probe 

collector are plotted together on Figure 4.1. If the plasma probe were to be swept through 

the electron retarding region, the resulting collector current would vary from roughly 0 to 

2 pA. If the payload skin section conducting area was 100 times larger than the plasma 

probe collector area, the corresponding current flowing out of the payload skin section
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would shift its equilibrium potential by less than -0.1 V (Figure 4.1). However, this same 

current would drive the actual HEX payload skin section, which is only 10 times larger 

than the plasma probe collector area, completely off the chart of Figure 4.1! In order to 

bias the probe neutral with respect to the plasma at nominal conditions. 2.69 pA would 

flow from the combined probe and guard rings to the plasma (Table 4.2). A counter 

electrode potential of nearly -35 V would be required to balance this current. Imposing 

such a large negative bias on the payload chassis would have significantly disturbed the 

local plasma environment and would likely have created a myriad of other design issues 

affecting other on-board systems. Clearly, the HEX plasma probe could not be biased for 

significant electron collection without imposing unacceptabiy high potential differences 

between the plasma probe collector and payload skin surface.

Figure 4.1 Current/Voltage relationship of collectors with different areas.
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A typical probe current/voltage relationship as measured in absolute terms and also with 

respect to the counter electrode is shown in Figure 4.2. Note that once the probe is biased 

more than approximately 0.2 to 0.3 Volts positive with respect to the counter electrode 

(Va). the return current from the probe will have forced the counter electrode sufficiently 

negative to repel nearly all thermal electrons, driving the counter electrode into ion 

saturation. Once the counter electrode reaches ion saturation, the current/voltage curve 

flattens out and further increases in probe bias (Va) will simply drive the counter electrode 

further into ion saturation without significantly increasing the probe's absolute potential 

with respect to the plasma. As the probe bias potential with respect to the counter 

electrode is swept to increasingly higher potentials, the probe bias with respect to the 

neutral plasma (V) never increases much beyond -0.1 V. Further increasing the relative 

bias between the probe and the counter electrode (Va) will result in a large change in the 

absolute potential o f the counter electrode, but only a slight change in the absolute 

potential of the probe (V). The practical implications on temperature measurements are 

twofold;

1) The bulk of the probe current/voltage curve in the electron retarding region above 

absolute bias potentials of -0.1 V is inaccessible at practical probe to counter 

electrode bias potentials. .

2) The payload chassis does not provide a stable reference when the probe collector 

is biased in the electron retarding region, significantly distorting the collector 

current/voltage curve from the ideal exponential relationship necessary for 

temperature determination.

As a result, no attempt was made in the design of the plasma probe to include any

plasma temperature measurements.
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Figure 4.2 Typical probe current voltage relationship, absolute vs. chassis reference.

4.3 Basic Configuration and Specifications

The basic probe configuration selected based on the requirements discussed above is a 

collector electrode consisting o f a six-inch isolated conducting band around the 

circumference of the rocket located between the photometer and the ACS (Figure 4.3). 

The collector electrode is further subdivided into two sections, the smaller of the two 

comprising approximately 42 degrees of an arc at the surface to resolve the directional 

component of the incoming plasma flux. One-inch guard rings (to be discussed later) are 

added above and below the collector to mitigate the edge effects at the payload 

chassis/collector boundarv.
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The probe electronics are located within the cylindrical collector and are connected to the 

collector surfaces via internal cabling. Complete specifications are listed in table 4.1.
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Figure 4.3 Side view, HEX Instrument Payload.
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Table 4.1 Plasma Probe Specifications.

Operating

Environment

Altitude: 130 -  200 km
Pressure: lO'3 -  10-6 mbar
Ambient Temperature: 1160 K nominal
Mean Free Path: ~1 km
Plasma Density: 10: cm0 to 106 cm0
Debye Length: 0.24 cm - 2 4  cm
Probe Velocity: 2.5 km/s nominal, predominantly horizontal

Probe Bias Voltage Probe bias is programmable -1.25 to +1.25 VDC with respect to 
the payload common. Default bias -0.43 V

Electrometers Dual range primary and single range secondary electrometer 
measure probe currents over all expected plasma densities.

Optimum repeatability low-gain main amplifier +/- 1 LSB over 
temperature range, high-gain +/- 4 LSB.

Amplifier Current
Resolution

Current
Range

Ion
Resolution

Ion
Range

Main Low 
Gain

1.74 nA +/-57.1
pA

43 cm'° 1.4xl0&
cm°

Main Hi Gain 174 pA +/- 5.71 
uA

4.3 cnT 140xl0J
cm0

Secondary 569 pA +/- 18.6 
pA

61 cm0 2.0x 106 
cm°

Sampling
Frequency

1250 Hz nominal, determined by telemetry scan rate.

Frequency Range DC to 500 Hz. (-3 dB)
Flight Computer Motorola® MC68HC711E9
Diagnostics RAM destructive read/write test, multiple bit patterns checked at 

start-up. Continuous RAM check/EPROM checksum 18 
seconds per cycle while operating. Continuous stack overflow 
check. Computer Operating Properly (COP) watchdog, slow 
clock and illegal op code interrupts enabled. Micro controller 
outputs hardware disabled on any failure. Fault conditions 
require manual override to clear.

A/D Converters TI® ADS7807 16 bit A/D converter with integral serial 
communications output multiplexed for three data channels.

Control/Status Control/Status functions available to Ground Support Equipment 
(GSE) via RS422 connection through launch vehicle umbilical.

Telemetry Signals Three 16 bit serial channels, one low-resolution 0-5 V analog.
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Power
Requirements

1.26 Watt nominal from vehicle -5-28 VDC source.

Internally generated 
Voltaaes

The plasma probe will derive its own +5 VDC. - 15 VDC and 
+5 VDC logic power from the vehicle +28 VDC source

Size of Electronics Utilizes two UAF SRP 2x2 Standard circuit boards 
(4.725"x4.725") and one 2x1 standard circuit board 
(4.725"x2.375”) stacked vertically 4.75" nominal overall height.

Mass of Electronics 
and associated 
hardware

1.4 kgr

Operating
Environment

Temperature:
-65° to +150° C storage 
-40° to +85° C operating 
Tested -10° C to +40° C 
Humidity: 0-100% non condensing 
Shock: Tested to 20 g operating

Collector Cylindrical, 44.84 cm (17.26 in) in diameter. 
Main collector length: 121.4 cm (47.8 in) 
Secondary collector length: 15.24 cm (6.0 in) 
Chord: 15.04 cm
Collector width: 15.24 cm (6 in), 40.15 degrees. 
Guard rings: 2.54 cm (1 in) each end 
Mass: 4.6 kar

4.4 Probe Current/Voltage Relationship

For a probe model using stationary ions collected by a moving probe, the probe 

current/voltage relationship is given by equation 3.7. For the minimum expected plasma 

density (102 cm°) and nominal probe velocity (2.5 km/s). the expected ion current would 

be 4.6 nA. Therefore, the probe electronics must be capable of resolving 4.6 nA as the 

minimum current o f interest. Note that bias potential cannot be measured directly since 

the counter electrode will be at some unknown potential with respect to the plasma. If the 

bias voltage is maintained at the minimum negative bias sufficient to repel the thermal 

electrons, the resulting collector current will approximate the total positive charges swept 

out by the collectors' cross sectional area.
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With the probe biased just negative enough to repel 99.9% of the thermal electrons (-0.8V 

with respect to the neutral plasma). 6.06 nA will flow from the plasma to the combination 

of probe and guard rings at minimum density. This current must be balanced by an equal 

and opposite current between the counter electrode and the plasma. To accomplish this, 

the counter electrode must be biased in the electron retarding region. Using the 

assumption that electron collection can be modeled as a stationary probe in a plasma 

containing 0.1 eV thermal electrons, the electron current is given by equation 3.11. 

Equation 3.7 is still applicable for the accelerated ion collection of the counter electrode. 

The resulting counter electrode current will be the sum o f the ion and electron currents. 

Solving numerically for the required counter electrode current, the counter electrode will 

be in equilibrium at -0.368 V with respect to the plasma. Under worst-case conditions, 

the applied voltage on the probe with respect to the counter electrode necessary to repel 

99.9% of the thermal electrons is -0.429 V with respect to the system ground. This value 

becomes the collector default bias.

Recall that the probe bias voltage is measured with respect to the instrument payload as a 

whole, whose skin comprises the counter electrode of the plasma probe, rather than with 

respect to the neutral plasma. If the counter electrode is sufficiently large, then the return 

current from the probe will have a negligible effect on the counter electrode potential 

with respect to the neutral plasma. The current/voltage relationship of the probe 

measured with respect to the counter electrode will then be identical to the current voltage 

relationship with respect to the neutral plasma, except for the constant offset voltage of 

the counter electrode.

In the case of the HEX plasma probe, the counter electrode is not sufficiently large that 

the change in counter electrode potential produced by the return current of the probe can 

be neglected. Table 4.2 lists several examples of hypothetical plasma temperatures and
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densities and applied bias potentials required to achieve specific probe absolute bias 

potentials.

Table 4.2 Probe current/voltage relationship at selected operating points.

Condition Temp
K

Plasma
Density
/cm5

Probe 
Bias wrt 
plasma 
Volts

Counter
electrode
wrt
plasma
Volts

Probe
bias
Applied
Voltage

Probe + 
Guard 
Current 
20.3 cm

Probe 
Current 
15.2 cm

Ion
Saturation

1160 102 -0.797 -0.368 -0.429 -5.68nA -4.25nA

Electron
Saturation

1160 102 0.000 -35 35 232nA 174nA

Ion
Saturation

700 1.5xlOJ -0.478 -0.212 -0.266 -74.1nA -55.5nA

Electron
Saturation

700 1.5xlOJ 0.000 -25 25 2.69ji.A 2.02uA

Ion
Saturation

1160 106 -0.797 -0.388 -0.409 -56.8jjA -42.5pA

Electron
Saturation

1160 106 0.000 -35 35 2.32mA 1.74mA

4.5 Instrument Range Settings

The gains o f the high and low-gain channels of the main collector and the secondary 

collector amplifier must be set by component selection such that the instrument achieves 

the required resolution at the lowest anticipated plasma density and will not over-range at 

the highest anticipated plasma density.

The feedback resistor of the first stage amplifier (Figure 4.4) o f the main and secondary 

collector circuits determines the instrument range. The main collector low-gain channel 

gain is selected so that the instrument range will not be exceeded at the maximum 

anticipated plasma density. The main collector high-gain channel amplifies the low-gain
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channel output by a factor of ten to provide the required resolution at the minimum 

plasma density.

At the highest anticipated plasma density (106 cm'5) and a nominal temperature of 

1160 K. a bias of approximately -0.8 V is required to repel 99.9% of the thermal 

electrons. Under these conditions, the main collector will draw approximately 42.5 pA. 

A 178 k£> feedback resistor (Figure 4.4) was selected to provide a maximum full scale 

range for the main collector low-gain channel of 56 pA yielding a maximum range of 

130% of the highest expected current. The 16-bit resolution of the ADC (+/- 32768 

counts) provides a main collector low-gain channel resolution for the highest anticipated 

plasma density of 1.7 nA.

Figure 4.4 Main collector first stage amplifier.

At the minimum expected plasma density (102 cm'5) the main collector current drops to 

4.25 nA. This constitutes the smallest current of interest. The instrument should ideally 

be able to resolve currents one order of magnitude smaller. Therefore, the bit resolution 

of the A/D converter LSB should be at least 425 pA. It is not possible to achieve both
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the required range and necessary resolution from a single 16-bit channel. A second, high- 

gain channel with a gain of ten is provided to achieve the required low-end resolution. 

The high-gain channel LSB is consequently capable of 10 times the resolution of the low- 

gain channel, or 170 pA. well within the 425 pA requirement. The maximum range of 

the high-gain channel is +/- 5.6 pA. corresponding to a plasma density on the order of 

2x 105 cm‘\

At nominal density and temperature at the maximum apogee of 200 km (6.3 xlOJ cm‘L 

1027 K) predicted by the ERI [5], the main collector will draw a current of approximately 

0.27 pA. Thus, if plasma densities and temperatures are close to those predicted by the 

ERI [5], the low range instrument will not be over ranged at any point during the flight.

If plasma densities exceed the model predictions resulting in a main collector current in 

excess of the 5.6 pA high-gain channel capacity, the low-gain channel, having a 

resolution of 1.7 nA/bit. will provide additional range capacity. At the point where the 

high-gain channel range is exceeded, the digitizing error o f the high range meter is 

0.03%, which is more than adequate to provide continuous measurements throughout the 

required range of densities. A 2500 pF capacitor is paralleled with the feedback resistor 

to provide a 500 Hz -3 dB point for anti-aliasing.

The secondary collector has a smaller cross sectional area (15.24 cm x 15.048 cm) 

resulting in a correspondingly smaller maximum current, but with the same requirements 

for resolution. Consequently, a single channel will suffice for this collector. A feedback 

resistor of 536 kQ (R26 Figure 4.5) with an 800 pF anti-aliasing capacitor provides 

adequate range for this channel resulting in a full scale range of 18.6 pA and a resolution 

o f 569 pA. The 18.6 pA full scale range corresponds to approximately the same plasma 

density" as the main collector low-gain channel while maintaining a resolution only 

slightly less than one order of magnitude less than the smallest current o f interest.
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Figure 4.5 Secondary collector first stage amplifier.

In chapter 4. the basic principles o f plasma instrumentation and the application of these 

principles to meet the specific goals of the HEX mission were discussed. Chapter 5 

shows how the general requirements of chapter 4 were developed into a completed 

instrument, tested and integrated into the HEX payload.
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5 Design Detail

The plasma probe consists of a collector, configured as a six inch conducting band 

segmented into two isolated sections wrapped entirely around the circumference of the 

rocket and an electronics module fastened to the underside of the deck plate at the top of 

the plasma probe skin section. Two 'D ' style connectors are located on the exterior of 

the electronics enclosure to connect the electronics module to the collectors, supply 

power, and connect to the telemetry interface. The plasma probe components are 

assembled onto a 10-inch payload skin section fabricated for the purpose.

5.1 Collector

The collector is fabricated from two layers of Rogers Inc. 5870 RT Duroid® flexible 

laminate. The 5870 RT Duroid® has previously been used to fabricate the antenna on 

the Patriot missile and is a proven material for this service. The two sheets of laminate 

are coated with epoxy and wrapped in concentric bands around the circumference of the 

rocket. The epoxy coated laminates are attached to the skin section with #10 Stainless 

Steel (SS) screws (Figure 5.1) counter sunk on 2.25 inch centers and the active surfaces 

electrically connected to the electronics module. A Belleville washer is installed on each 

fastener to maintain proper tension over the intended operating temperature range. A 

complete collector fabrication detail is included in Appendix B
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Mechanical Connection 

Figure 5.1 Electrically isolated collector with mechanical fastener detail.

The inner laminate is attached first as shown in Figures 5.2 and 5.3 and serves only to 

isolate the outer laminate from the payload skin section. A 1-ounce copper cladding is 

applied top and bottom for mechanical strength and is not electrically active. During 

assembly, the electrically inert top side of the inner laminate will contact the shield 

conductor on the bottom side of the outer laminate, but since the top of the inner laminate 

is electrically isolated from all other conductors, electrically, this will have no effect on 

the shield conductor. The edges of the copper cladding are machined back 0.10 inches on 

all edges to prevent inadvertent short circuits to the payload structure.
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HEX Plasma Probe 
Final Assembly 

Release for Construction 
10/10/02

End View (Not to scale)

Figure 5.2 Collector assembly diagram.
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Figure 5.3 Plasma probe collector assembly exploded diagram.
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The outer laminate is constructed of an 8-inch wide strip of 0.125 inch thick dielectric 

with 2 oz electro-deposited copper cladding on both sides. One-inch wide isolated guards 

are machined on both sides of the outer conductor collector band. These guard rings 

partially mitigate the effects of distortions to the ambient plasma caused by the difference 

in potential between the collector and the payload chassis and minimize leakage current at 

the edges of the collectors. The copper cladding on the inner surface is electrically 

connected to the guard rings and forms a continuous shield conductor underlying both the 

collectors and guard rings. The shield conductor serves the dual purpose of minimizing 

collector leakage currents and capacitive coupling of the collector and payload skin. The 

collector electrode is segmented into primary and secondary collectors, nominally 48 

inches and 6 inches in length, respectively. Primary and secondary collectors are 

electrically isolated but are biased identically. The outer surfaces of the laminates are 

gold plated to guard against oxidation of the collector surface. Isolation bands are 

machined into the copper cladding around each fastener, as shown in Figure 5.4. to 

prevent the fasteners from shorting the collector electrodes to the payload skin.
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Figure 5.4 Collectors assembled on payload skin.

Additional screw connections are used as a means of connecting the collector electrodes 

to the electronics module (Figure 5.5). Exterior connections are tightened to 

specifications and then soldered with special 90/10 Pb/Sn solder formulated to withstand 

frictional heating during launch (300° C estimated).
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Tm contact surfaces prior to final 
assembly. Apply solder bead after 
mechanical connections are secure. 

Use 90/10 high temp solder.

Copper Qad Laminate

Apply Epoxy between 
layers at final assembly

FVobe Skin 
Cross Section

#10 Copper Screw

Figure 5.5 Probe collector electrical connection detail.
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5.2 Electronics

The electronics module is connected to the collectors, shields, and guard rings with an 

interconnect cable assembly. The electronics module consists of three sub-assemblies 

fabricated on three separate circuit boards mounted within an enclosure (Figure 5.6).

The analog module contains the amplifiers and buffers that maintain the collector 

electrodes at the proper bias potential and measure the electrical current flowing between 

the collector electrodes and the plasma environment. The control module monitors and 

controls the operation of the instrument and communicates with the payload telemetry 

module and ground support equipment. The third sub-assembly, the power conditioning 

unit, converts 28 VDC supplied by the payload battery power supply to the various 

voltage levels required by the instrument. A complete set of schematics for the 

electronics module is included in Appendix A of this thesis.
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See Dwgs G0104-02-01-0300 / 0301 / 0302. AppendixA

Figure 5.6 Block diagram probe electronics.

All plasma probe printed wiring boards are based on University of Alaska Student Rocket 

Project (SRP) standard template designs developed using Oread®1 computer aided design 

software. These are proven designs that have flown successfully on previous sounding 

rocket experiments and exist in several variations appropriate for most circuit board 

layouts.

The SRP standard circuit board templates are based on a simple 6 cm square circuit board 

with mounting holes in each comer referred to as SRP4_1X1 technology template (See

1 Oread is a registered trademark o f Cadence Design Systems. Inc.
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Figure 5.7). Variations on this design are created using one or more SRP4_1X1 standard 

templates. Circuit board template SRP4_1X2 is a 6 cm x 12 cm board consisting of two 

SRP4_1X1 boards placed side by side. The standard SRP4_2X2 template is a 

12 cm x 12 cm square circuit board template created from four SRP4_1X1 adjoining 

circuit board templates laid out in a square. Other variations are possible; however, these 

were the only templates required for the plasma probe design.

The probe electronics are constructed using two UAF SRP4_2X2 standard circuit boards 

(12 cm x 12 cm) and one SRP4_1X2 standard circuit board (12 cm x 6 cm) stacked 

vertically 9.5 cm nominal overall height. Circuit board standoffs are located in each of 

the mounting holes (8 total in the SRP4_1X2 template, 16 in the SRP4_2X2).
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Figure 5.7 SRP-4 standard SRP4_1X1 circuit board -  dimensions in mm.

5.2.1 Power Conditioning

The power conditioning unit (PCU) inputs 28 VDC +/- 4 VDC from the payload batteiy 

and supplies dual 5 VDC (analog and digital supplies) and -15 VDC outputs used by the 

probe electronics. The design philosophy of the PCU is to use switching regulators and 

passive filters to feed linear regulators to efficiently provide very low ripple DC to the 

probe circuitry. The reader may wish to refer to drawing GO 104-02-01-0100 included in 

Appendix A of this document for the following detailed description of PCU operation.
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A National® LM2671 switching regulator is configured to deliver 7 VDC nominal (6.87 

VDC actual) through a passive filtering network to two fixed 5 Volt linear regulators for 

separate analog and digital circuit +5 VDC supplies.

A second switching regulator, National® LM2594HV, is connected in an inverting 

configuration and delivers -17 VDC nominal through a 3 pH choke to a fixed -15 VDC 

linear regulator for the negative supply of the instrument operational amplifiers.

Note the extensive use of aluminum electrolytic capacitors in this design. Aluminum 

electrolytic capacitors typically contain fluids that can evaporate over time. Exposure to 

vacuum accelerates this loss of electrolyte. Consequently, aluminum electrolytic 

capacitors are not recommended for vacuum service. The switching regulator 

requirement for low Equivalent Series Resistances (ESR). high working voltage and 

inrush current generally require either aluminum electrolytic or solid tantalum capacitors. 

At this writing, tantalum capacitors with the required working voltages and ESRs are not 

readily available. This leaves no practical alternative to the use of aluminum electrolytic 

capacitors in spite of their drawbacks in vacuum service. Since the UAF Student Rocket 

Project has successfully launched several sounding rocket payloads to comparable 

altitudes utilizing aluminum electrolytic capacitors, and because the instrument has a 

useful life of approximately ten minutes in vacuum service, the use of non-vacuum rated 

aluminum electrolytic capacitors is considered an acceptable risk. While acceptable for 

short-term vacuum exposure, this design should not be used for any instrument expected 

to remain in vacuum service for extended periods.

Unloaded, the PCU draws 18.3 mA from the payload 28 VDC supply (0.512 Watts) 

primarily as a result of the inherently high current requirements of the LM2594HV in an 

inverting configuration. The load requirements of the analog and control modules 

measured under normal operating conditions are summarized in table 5.1.
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Table 5.1 Power supply measured loads.

Supply Measured
Voltage

Rated
Current

Measured
Current

Power

+5 VDC (analog) +4.98 VDC 250 mA 7.9 mA 39.3 mW
+5 VDC (logic) +4.99 VDC 250 mA 44 mA 219 mW
-15 VDC -14.96 VDC 500 mA 9.4 mA 141 mW

Fully assembled, the instrument draws 44 mA from the 28 VDC supply for total power 

consumption of 1.23 Watts with 400 mW consumed by the analog and control boards for 

an overall efficiency of 32%. The low efficiency of the power supply is the result o f the 

relatively high fixed current draw of the inverting switching regulator and the low power 

consumption of the analog and control modules. The efficiency of the supply would be 

significantly improved if operated at full rated output current.

5.2.1.1 Load Tests

Analog and digital +5 VDC supplies were tested to 100 mA and the -15 VDC supply to 

80 mA. Voltage spikes of 90 mV peak-to-peak followed by a brief period (about five 

cycles) of 2 MHz damped ringing were present at the output of the switching regulators 

U4 and U6 at each regulators switching frequency (250 kHz and 150 kHz, respectively). 

No detectable ripple or voltage sag was apparent at the output of either linear +5 VDC 

regulator or the -15 VDC linear regulator at the limits of the test equipment (+/- 10 mV 

resolution on DC voltage. 5 mV AC voltage resolution).

5.2.1.2 Inrush current

The relatively large input capacitors required by the switching regulators result in 

significant inrush currents. Switching regulator U6 (National® LM2594HV) is the most 

sensitive component of the PCU in this respect. The manufacturers' data sheet cautions
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that inrush currents as high as 0.8 A may be present for 2 ms at start-up. A delayed start

up of -10 ms (C2, R5 and R6) is used with this regulator so that input capacitor C3 has 

time to charge through the input choke before U6 becomes operational. In this way, 

much of the high start-up current requirements of U6 can be supplied by the input 

capacitor instead of the payload battery pack. The LM22594HV data sheet also cautions 

that "Input sources that are current limited or cannot deliver these currents without getting 

loaded down, may not work correctly". Care should be exercised that the delayed startup 

feature is not defeated by the main power supply "soft start" or current limit. During 

initial testing it was found that using the “soft start" feature of the bench supply or setting 

the bench supply current limit for less than 250 mA caused U6 to latch up in a high 

current mode. The instrument was not tested to determine whether or not extended 

operation with U6 latched up would damage the instrument. Therefore, the user should 

take steps to ensure that this will not occur while the probe is in operation. Ensuring that 

the instrument power supply is capable of supplying at least 250 mA continuous and 800 

mA peak current at 28 VDC +/- 4 VDC to the instrument within -1 ms after power is 

applied should be adequate to prevent regulator latch-up. In any event, since abnormal 

operating modes exist that can be entered inadvertently by misapplication of input power, 

it is always desirable to confirm nominal power consumption of the instrument 

immediately after power up.

5.2.1.3 Supply Over/Under Voltage Tests

The payload nominal power supply voltage is specified at 28 VDC +/- 4 V. The fully 

assembled plasma probe was tested by varying the supply voltage from 24 to 32 VDC.

No change in probe PCU final or intermediate voltage levels was apparent. Current 

drawn from the payload power supply varied from 52 mA at 24 VDC to 44 mA at 32 

VDC (48 mA nominal at 28 VDC supply voltage).
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5.2.2 Analog module

The analog module is built on a standard UAF SRP4_2X2 circuit board (4.725"x 4.725") 

and is located at the bottom of the stack for maximum physical separation from the PCU 

board. The purpose of the analog module is to maintain the collector bias at the value 

specified by the control module, or in the absence of a bias signal from the control 

module, to the default bias, and to output a voltage signal proportionate to the collector 

currents. The analog board also provides a means of switching a fixed load into the 

analog channel input circuitry to roughly simulate the current/voltage relationship of the 

collectors at nominal expected plasma densities for preflight diagnostic testing.

At the minimum plasma density that the probe is expected to encounter, the main 

collector current is expected to be approximately 4.25 nA. For an accurate reading, the 

probe should be able to resolve currents one order of magnitude smaller than the smallest 

expected current or 425 pA. In order to make an accurate measurement at these low 

collector currents, it is critical to select a first stage amplifier with very high input 

impedance and very low bias current ( I b ) .  On the other hand, the instrument scan rate 

(1250 Hz) is low enough that amplifier speed is relatively unimportant. Furthermore, the 

anticipated bias voltages are very low (less than 1 VDC) so while still important. CMRR 

is not as critical as bias current and input impedance. The Maxim® MAX421CJD 

chopper stabilized operational amplifier was selected for this service because of its low 

bias current (10 pA typical) and high input impedance (1012 Q).

5.2.2.1 Analog data channel circuit description

Operational amplifier U2 (See dwgs GO 104-02-01-0300 / 301 / 302. Appendix A) 

maintains the main collector at the selected bias potential. The input impedance of the 

amplifier is sufficiently large that there is negligible current flow into pin 4. The opposite
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end of the test resistor (R2) is held at the same potential as the main collector by an 

identical configuration in the secondary collector circuitry. Since there is no potential 

difference across R2. no current flows in this path. With essentially zero current in these 

two branches, the current through the feedback resistor (R13) must equal the main 

collector electrode current flowing into or out of the plasma environment. The voltage on 

the output of U2 will therefore vary from the bias potential by an amount proportionate to 

the main collector electrode current.

To minimize circuit board leakage currents, all conductors connected to the first stage 

amplifier input on the PCB are encircled by guard rings top and bottom which are 

electrically isolated from the input circuitry but are maintained at approximately the same 

electrical potential.

Unless otherwise indicated, all operational amplifiers are powered +5 V to -15 V.

Because the instrument is designed as a single species (positive ion) collector, bias 

voltages will always be negative. Since the instrument is never intended to operate at 

positive voltages the power supplies are asymmetrical to provide additional operating 

range on the negative side.

The first order low-pass filter formed by R13 and C19 limits the bandwidth of U2 to 

approximately one half the scan rate (1025 Hz) for anti-aliasing. Capacitors C14 and C44 

associated with U4 and U5 respectively similarly limit the bandwidth of the second and 

third stage amplifiers of the main collector circuit.

Operational amplifier U4 subtracts the probe bias potential from the output o f U2 to 

change the reference for the signal voltage from the bias potential to reference ground. 

That is. while the output of U2 deviates from the bias potential in proportion to the 

collector current. U4 deviates the same amount from reference ground potential.
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Once the signal is referenced to ground by U4, a gain of 10 is applied by U5 to obtain the 

required ADC resolution of the high-gain channel. Analog channel selection signals from 

the control module drive the precision analog switch U3 to route the main collector high 

gain (U5). main collector low gain (U4) or secondary collector to the ADC (located on 

the control module). The C14/R4 combination at U4 provides additional anti-aliasing, 

but more importantly, also shunts the sharp switching spikes inherent in chopper 

stabilized operational amplifiers to ground. The C44/R11 combination at U5 perform the 

same function on the high-gain analog channel.

The secondary collector amplifier, located on drawing GO 104-02-01-0301, functions 

identically and is not described here. Additional circuitry on this drawing includes an 

isolation amplifier (U8) connected to the bias reference configured for unity gain to 

maintain the collector shield and guard ring electrodes at the same electrical potential as 

the main and secondary collectors without loading the bias reference voltage. This 

application requires higher output power but accuracy and low leakage are not as critical 

as in the instrumentation amplifiers. There is no shortage of good, high-quality 

operational amplifiers that would be acceptable in this service. A Texas Instruments® 

OPA277 operational amplifier was selected for this application for its low offset voltage 

(10 pV), full rail-to-rail operation, temperature stability (+/- 0.1 pV/°C). and availability.

Operational amplifier U9 is configured as a unity gain inverting amplifier to provide an 

inverted and isolated bias reference for the WFF93 telemetry module analog input. U9 is 

powered by the instrument +5 V supply and ground. This buffer was designed to 

eliminate any possibility of damaging the WFF93 ADC with a signal voltage outside of 

its absolute 0-5 V input range. Because the WFF93 ADC accepts only positive voltages 

and the instrument bias reference is normally operated in the - 0.01 to - 1.00 volt range, it 

was necessary to configure U9 as an inverting amplifier to change the sense of the bias 

signal from negative to positive so it could be read by the WFF93 ADC.
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Analog switch U3 (Maxim® MAX352) is used to multiplex the three analog signals 

(main collector high gain, main collector low gain and secondary collector) into the ADC 

on the control board. The MAX352 was selected for its low on-resistance (37 Q.) and low 

leakage current (+/- 0.25 nA at 35° C). This is superior to most analog multiplexers and. 

with only three signals to select from a simple switch, is adequate for the task.

5.2.3 Control module

The control module performs four basic functions in the HEX Plasma Probe.

• The control board contains the instrument Analog to Digital Converter (ADC) 

used to digitize scientific data.

• provides control signals to synchronize the .timing o f the ADC to the WFF93 

telemetry module,

•  monitors and controls normal and diagnostic functions, and

• communicates with the ground support diagnostic computer prior to launch.

5.2.3.1 Analog to Digital Converter

The heart o f the instrument is the TI® ADS7807 analog-to-digital converter (See dwg 

GO 104-02-01-0202 in Appendix A). The TI® ADS7807 was selected for this application 

because it has

• full 16 bit conversion with no missing codes.

• both serial and parallel outputs.

• full industrial temperature range of -40° C to +85° C (no comparable product 
available in military temperature range), and

• competitive price and good availability.

A common question regarding the control module is "Why is the ADC in the control 

module and not the analog module?" At first glance, this would seem the logical choice;
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however, there are many more control connections to the ADC than analog connections. 

Placing the ADC in the analog module would have significantly increased the 

inter-module connections. Also, the ADC itself contains significant digital logic that 

should be isolated from the analog circuits. Another practical consideration is that both 

the analog and control boards are very dense and moving the ADC to the analog board 

would have been much more difficult if not impossible to fit on the standard SRP circuit 

boards.

When the first prototype was built and tested, the ADC output was unacceptably noisy. It 

was found that ADC noise was significantly reduced by minimizing the physical 

separation between the ADC signal input traces on the PC board and the ADS7807 

analog reference ground. This configuration yielded a standard deviation at the ADC in 

the 2-4 counts range with no signal applied. This is consistent with the manufacturers 

published specifications (see section 5.3.2 Total System Resolution). The same 

philosophy of routing the ADC analog ground connections adjacent to the signal lines 

was followed when the collector electrodes were wired to the electronics. The ADC 

analog grounds were wired directly to the payload chassis near the electrode connector 

lugs. Unfortunately, in this configuration the entire payload electrical noise from other 

systems on the payload skin generated 200-300 counts of noise at the ADC outputs. Field 

modifications to the plasma probe grounding configuration reduced the plasma probe 

noise signal significantly with the final configuration yielding a standard deviation of 

eight counts of noise with no signal applied. These field modifications are discussed 

more fully in section 5.6.8 "Payload Final Assembly. Integration and Testing".

S.2.3.2 Telemetry Synchronization

The HEX Plasma Probe is designed for use exclusively with the WFF93 telemetry 

module. Test logic is included to permit diagnostic testing of the instrument with
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telemetry not operating to allow offline diagnostics and testing of the analog-to-digital 

converter.

The WFF93 telemetry module is provided by NSROC and is only briefly discussed here. 

The HEX Plasma Probe utilizes three WFF93 serial channels to transmit the three 

collector current values from the analog module (see previous section) to the ground 

support equipment provided by NASA. For normal operation, the WFF93 must 

continuously scan the three channels in the proper order (1.2.3...). Figure 5.8 illustrates 

WFF93 serial communications timing. Each channel has a separate inverted load 

(/LOAD) and gated clock (GTD_CK) input from the WFF93 and a synchronous serial 

output to the WFF93. As the WFF93 scans each channel, it asserts the /LOAD followed 

by 16 gated clock pulses. Absence of a gated clock signal for greater than 2 ps signifies 

to the instrument that the current serial read operation is complete.
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HEX Plasma Probe 
Serial Communications Timing

Timing Chart - Initiation of data transfer

/LOAD

-667 ns-

GTD CK

H h 80 ns max

Serial Data Out \ \ \ \ \ \ \ \ X  MSB X  Bit 14 X  Bit 13 X T

Complete I/O cycle - repeats every 800 us

/LOAD [I
------------------------------------- 10.7 us----------------------------------- ► !

G T D - C K  _ J l M M j l T U l ^ ^ _________________________________________

serial Data RHTTTTTTTTTTTTTO_____________________________
H  K  2 us typical

I |
A/D Conversion 

* ------------------------  12 us  ►]

Figure 5.8 Telemetry timing diagram.

In normal operation, the /LOAD pulses from the three WFF93 serial channels are used to 

sequence the instrument. The ADS7807 is an accurate, but relatively slow, analog to 

digital converter (ADC), so timing and sequencing are critical to proper operation of the 

instrument. '

Read/
Convert

/BUSY

Table 5.2 illustrates the sequential control of the AJDS7807 ADC and associated logic. 

The load latch, formed by U12A. U12B. U1 IB and U12C and associated logic on 

drawing GO 104-02-01-0201 latch each /LOAD (Channel 1. 2 or 3) pulse as it is asserted 

by the WFF93. Gate U12A is true if Channel 1 /LOAD is asserted, gate U12B is true if 

Channel 2 /LOAD is asserted and both U12A and U12B are false if Channel 3 /LOAD is 

asserted. Approximately 2 jis  after the WFF93 serial read completes, one shot pair
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U19A/B (dwg GO 104-02-01-0202) initiate a new analog-to-digital conversion sequence. 

The analog signal that will be converted was previously routed to the ADS7807 input 

based on the state of the ADC latch (see Table 5.2) formed by D flip flops U13A/B and 

gate U9C. Approximately 25 ps later, the ADS7807 completes the conversion process 

and asserts its /BUSY signal, which clocks the ADC latch to route the next analog signal 

in the sequence into the ADS7807.

The load latch and ADC latch constitute a multi-state device that controls the operation of 

the ADS7807 and telemetry sequencing logic. The key to understanding the sequential 

control logic is to recognize that the value contained in the ADS7807 output register is 

the digital representation of the analog channel that was routed to the ADS7807 input pin 

during the previous state. We also define the current state to end on the falling edge of 

any /LOAD pulse. The rising edge of /BUSY after the end of the serial read marks the 

start of the next state. The device remains in a transition state approximately 40 us from 

the falling edge of the /LOAD pulse until the rising edge of /BUSY.

Table 5.2 Analog channel selection state table.
Current State Next States after 

Conversion Complete
State

Load
Latch

ADC
Latch CH-1 CH-2 CH-3

0 CH-1 CH-1 2 3 7
1 CH-1 CH-2
2 CH-1 CH-3
3 CH-2 CH-1
4 CH-2 CH-2
5 CH-2 CH-3
6 CH-3 CH-1
7 CH-3 CH-2
8 CH-3 CH-3

5.2.3.S WFF93 Communication Sequence Example

To illustrate the inner workings o f the telemetry switching sequence logic, an example of 

a hypothetical telemetry start-up synchronization sequence follows.
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On power up. the state of the plasma probe is indeterminate and needs to be synchronized 

with the WFF93. Assume that on initial power up. the plasma probe comes up in State 6 

with meaningless data in the ADS7807 output register. Now assume that the WFF93 

initiates a Channel 1 read. On the falling edge of /LOAD the load latch changes state to 

retain the indication that Channel 1 is selected. The ADC latch remains at its initial value 

(CH-1). The WFF93 continues to read the output of the ADS7807 (indeterminate at this 

time). After the WFF93 completes the serial read o f the ADS7807. the pair of one-shot 

multivibrators (U19A/B) generates a convert pulse to the ADS7807. ADC Latch still 

retains its value from initial State 6 (CH-1) routing analog Channel 1 to the input of the 

ADS7807. Approximately 25 us later the ADS7807 completes conversion of the analog 

signal from analog Channel 1 and places the digital representation on its output register. 

Simultaneously, as the ADS7807 asserts /BUSY, the analog channel selection is clocked 

into the ADC latch transitioning the device to State 2 with the digital representation of 

analog Channel 1 in the ADS7807 output register and the analog signal for Channel 3 

switched to the input of the ADS7807. During the delay (approximately 150 us) until the 

WFF93 initiates the next serial read (Channel 2). the next analog signal (Channel 3) is 

allowed to stabilize at the ADS7807 input Note that the next scan of the WFF93 will be 

for Channel 2 data but the value in the ADS7807 output register is for analog Channel 1. 

Recall that the ADS7807 output register was indeterminate for the first WFF93 (Channel

1 read) and is incorrect for the second read because the circuitry has not yet routed the 

desired analog channel to the input of the ADS7807. However, now the device is in State

2 and the next conversion cycle will place Channel 3 data on the ADS7807. The next 

WFF93 scan performs a serial read of Channel 3 data and transitions the device to State 

7. The device is now synchronized with the WFF93 and will remain synchronized as 

long as the WFF93 continues to scan the three serial channels in the proper order. Serial 

reads of Channels 1.2.3.1.2.3...etc. will transition the device repeatedly through States 

2.3.7.2.3.7...etc. By applying the previous analysis to the other possible initial states it 

can be shown that when the WFF93 asserts the proper control signals in the specified
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order the logic will synchronize itself with the WFF93 after at most three WFF93 serial 

channel reads.

5.3 Known Signal Error Sources

Perhaps the most critical area of the design from an instrument resolution standpoint is 

the first stage amplifier. Plasma densities are expressed as varying currents flowing into 

the instrument electronics from the collectors. At low plasma densities, these currents are 

on the order of a few hundred picoamperes. The input bias current JB, input offset current 

Ios, or input offset voltage of a typical operational amplifier could easily swamp this 

small signal current if  not designed appropriately. To avoid this situation, a high-quality 

chopper stabilized operational amplifier was selected for the first and second stage 

amplifiers for each collector electrode. Following is a worst-case analysis of the 

cumulative errors introduced into the measurement by the selected components. The 

various error sources inherent in each stage of amplification are tabulated in Tables 5.3 

through 5.5 and the total cumulative error in table 5.6. Note that this analysis is over the 

entire -40° to +85° C temperature range of the industrial grade components while actual 

temperature variation in flight is expected to be on the order o f+10° to +35° C.

Therefore, this analysis should be viewed as an upper limit of induced errors and not 

typical values.

The main collector electrode, while biased in ion saturation, can be modeled as an .ideal 

current source in parallel with a 40 M£2 resistor (Figure 5.9). The input bias current IB 

can be modeled as a constant current source in parallel with the collector electrode. As 

such. IB is additive and will have the most effect proportionately at the minimum probe 

current The probe is designed with a LSB resolution of 170 pA. and ideally. IB should 

result in a change in output much less than the LSB resolution of the probe. The first 

stage can provide adequate current gain to the second stage so that IB of the second stage 

is not a significant portion of total second stage input circuit current.
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1 7 8  k

Table 5.3 First stage operational amplifier - MAX421

Parameter Value Effect
Ib 35 pA (Type to 85° C) Adds to probe current
lo s 50 pA (Type to 85° C) Adds to probe current
vY OS 4.2 uV (Typ to 85° C) Adds to second stage output
CMRR Nesliaible
178 kf2 resistor noise 1.1 uV (Type at 85° C) Adds to second stage output
Noise Current 0.22 pA to 500 Hz Neglect

Ib and/or through the 178 k£2 feedback resistor R3 on drawing GO 104-02-01-0300 will 

produce a cumulative error voltage of 15.1 uV and represents 50% of the LSB resolution 

of the main collector high-gain channel. This is the predominant source of potential error 

in the first stage amplifier. The secondary collector utilizes a 536 k£2 feedback resistor 

and unity gain secondary amplifier resulting in an error voltage of 15% of the LSB 

resolution. The main collector high-gain channel, being most critical for cumulative 

errors, is the subject of the remainder of this analysis.
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Since the probe appears as a very high impedance current source. Vos has negligible 

impact on the probe current, but will ultimately add to the final output signal. A chopper 

stabilized operational amplifier is selected for the first stage instead of a JFET operational 

amplifier because the offset and bias of the JFET operational amplifier become excessive 

at 85° C.

The second stage amplifier should also have low JB and because it will be dropped 

across the input resistors to U4. For this reason, resistor network values for U4 should be 

kept low. but not so low’ as to cause excessive heating of the output stage of U2. Vm of 

U4 is also important because it adds directly to the signal output (the same as the Vos of 

U2).

Table 5.4 Second stage operational amplifier - MAX421

Parameter Value Effect
h 35 pA (Type to 85° C) Drops across input R 

(neglect)
Vos 4.2 uV (Typ to 85° C) Adds to first stage output
CMRR Negligible
Noise Current .22 pA to 500 Hz Neglect

The third stage provides additional gain for the main collector high-gain channel. The 

third stage gain multiplies its own errors plus the errors from the first two stages. The 

combined of U2 and U4 will contribute a maximum error signal o f+/- 3 counts to the 

main collector high-gain channel at the ADC output.

Table 5.5 Third stage (main collector high-gain) operational amplifier.

Parameter Value Effect
Ib 35 pA (Type to 85° C) Drops across input R 

(neglect)
Vos 4.2 pV (Typ to 85° C) Adds to second stage output
Noise Current 0.22 pA to 500 Hz Neglect
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Table 5.6 Total cumulative system errors from the analog section.

Parameter Value Effect
Ib 35 pA (Type to 85° C) «  Vos errors
Vos 96 pV (Typ to 85° C) 3 LSB high-gain ADC
Noise Current 0.22 pA to 500 Hz Neglect

5.3.1 The Effect of Operational Amplifier Bias Voltage On Collector Current

The first stage amplifier bias voltage will appear as an additional voltage 

superimposed on the probe bias. For the proposed application, a fixed bias of 

approximately -0.8 V with respect to the neutral plasma is applied to the probe collectors. 

For stationary ions collected by a moving probe, the collector current is then given by 

Equation 3.7. The collector current in this mode of operation is only weakly correlated 

with small changes in collector bias. For the maximum 32 uV offset the change in 

collector current due to Vm will result in approximately a 0.1% change in collector 

current well within acceptable limits for this instrument

Using the assumption that electron collection can be modeled as a stationary probe in a 

plasma containing 0.1 eV thermal electrons, the electron current is given by 

Equation 3.11. In this case, the error associated with Vos is proportionate to e n where 

V < 0  (electron retarding potential). Under expected conditions for the experiment, the 

error in electron current measurement for maximum anticipated values of Vos is 

approximately 5% of total electron current. However, since the probe is specifically 

configured to operate at a fixed bias sufficient to repel virtually all thermal electrons, the 

total collector current resulting from collection of thermal electrons is approximately 

three orders of magnitude less than the ion current. Since the entire electron current is. by 

design, negligible when compared to the ion current, a difference of 5% in the collector 

electron current is of no consequence to the ion current measurement.
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5.3.2 Total System Resolution

After final assembly, data were collected for 1000 samples from all three channels with 

no input signal applied. A histogram of the resulting output values for the main collector 

low-gain channel and the secondary collector are included in Figure 5.10 compared to the 

histogram of the ADS7807 by itself with the inputs grounded (provided by manufacturer). 

The main collector high-gain channel was corrupted with 60 Hz noise and is not shown 

here. It should be noted that 60 Hz noise is present in the other two channels to a lesser 

extent resulting in a somewhat pessimistic estimate of the instrument's final resolution. 

Other than a fixed DC offset the output resolution of the complete instrument while 

somewhat less than the ideal, is consistent with the inherent capabilities of the ADS7807.

As will be discussed later in the section on testing and integration, when the entire 

payload was assembled and the photometer high voltage section energized, the noise level 

of the plasma probe increased substantially. Figure 5.11 illustrates the higher noise level 

present with the instrument in flight configuration.
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Ground State Output
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Figure 5.10 Instrument output comparison with no input signal. 
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Figure 5.11 Plasma probe output with photometer high voltage on.
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5.4 Firmware

Source listings of the HC11 assembly code for the flight firmware are not printed in this 

thesis but are included with the reference CD ROM.

5.4.1 Main Program Loop

On initial power up. the HC11 processor initializes the instrument and performs required 

start-up tasks and diagnostics. Once the initial diagnostics are complete, the processor 

enters the main program loop. The asynchronous main loop runs continuously and is 

interrupted by several interrupt service routines, the most significant being the real 

time clock interrupt and the ADC not ready interrupt. The main program loop controls 

the operation of various instrument functions which, depending on priority, execute at 

fixed times every pass through the main loop or only on specified passes. Main loop 

execution terminates only on a reset command from the diagnostic computer or system 

fault conditions detected by the interrupt service routines.

5.4.2 Instrument Operating Modes

The instrument operates in four distinct modes: SAFE. READY. NORMAL and 

LAUNCH.

5.4.2.1 SAFE Mode

The processor starts up in SAFE mode and remains in SAFE mode until the start-up 

diagnostics are complete. If all start-up diagnostics are successfully completed, the 

processor automatically switches to READY mode. This can take as long as 30 seconds 

when telemetry is operating. If at any time during operation any type of fault condition is 

detected by the self-diagnostics, the processor will switch from whatever mode it is in to 

SAFE mode. While operating in SAFE mode the processor is not allowed to access any
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control I/O functions. The probe will continue to perform basic measurements 

independent of the processor using default parameters while operating in SAFE or 

READY modes.

5.4.2.2 READY mode.

When the processor first switches from SAFE to READY mode, the processor access to 

control I/O is disabled by default. I/O access can be enabled manually after system 

checks are completed via the diagnostic computer. This would normally be the first step 

the operator would take after initial start-up. Before enabling control I/O, the operator 

should view the status screen on the diagnostic computer to confirm all systems are 

operating properly. All diagnostic functions are enabled in READY mode.

5.4.2.S NORMAL Mode

When the operator determines that the probe is operating properly, the probe should be 

switched to NORMAL mode. The instrument should be left in NORMAL mode while 

awaiting launch. Diagnostic functions that might interfere with normal probe functions 

or operations not needed in flight are disabled in NORMAL mode. Self-diagnostics 

remain active. By default, processor I/O is not automatically enabled on entry to 

NORMAL mode. Processor I/O must be manually enabled.

5.4.2.4 LAUNCH Mode

LAUNCH mode indicates that the vehicle has in fact been launched and any active tests 

will be enabled at their predetermined point in the mission time sequence. At this 

writing, only one test a bias sweep and optimum bias adjustment test is scheduled at the 

end of the main data collection period (320 seconds after launch). Unlike NORMAL
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mode, processor I/O is forced on at entry into LAUNCH mode so that the processor can 

initiate the time dependent functions.

LAUNCH mode can be entered in two ways. First, the operator can force the processor 

from NORMAL to LAUNCH via the diagnostic computer (a direct transfer from SAFE 

or READY modes to LAUNCH is not permitted). In this case, the processor will begin 

timing from the moment the instrument is switched to LAUNCH mode. Because the 

serial link is disconnected at launch, it would obviously not be possible to switch the 

instrument to LAUNCH mode after launch has actually been confirmed, and if the 

instrument is switched to LAUNCH mode just prior to launch it will begin timing some 

seconds before actual launch and all timed functions will occur earlier than planned. 

Switching directly to LAUNCH mode by direct command from the diagnostic computer 

should be used for test purposes only and not as a means o f setting the processor mode for 

an actual launch.

The second method of initiating LAUNCH mode is to start a handshake sequence that has 

been programmed into the diagnostic computer. The instrument resets a launch watchdog 

timer each time it receives a handshake signal from the diagnostic computer. When the 

serial link is disconnected at launch, the launch-detect watchdog timer times out and 

automatically switches to LAUNCH mode. Because the watchdog timeout creates a 

latency in switching from NORMAL to LAUNCH mode, the launch timer begins timing 

at a time equal to the watchdog timeout rather than at zero.

5.4.3 Instrument Self-Diagnostics

The embedded HC11 processor firmware is largely focused on running its own 

self-diagnostics. The instrument is designed so that failure of the processor will not 

prevent the instrument from defaulting to a mode that will permit the main objectives of 

the experiment to be met without processor supervision. With a hardware backup capable 

of performing most of the instrument functions by itself, it is essential to assure that the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



76

processor cannot, through some type of failure, defeat the ability o f the hardware backup 

to function properly because of a processor failure.

A fault signal is generated by several hardware diagnostics integral to the HC11 

processor. Any condition that generates a hardware reset will assert the fault signal and 

hardware disable all processor I/O and activate the instrument hardware defaults. In 

addition, the processor has a dedicated output pin that it must assert high in order to 

enable processor I/O. On initial start-up, this output is set low and held there until start

up diagnostics are complete. Once the start-up diagnostics are successfully completed, 

the processor switches from SAFE to READY operating mode. Only after the processor 

switches to READY mode is the processor allowed to access instrument I/O. Even then, 

the processor defaults to I/O disabled. An explicit command to enable processor I/C from 

the diagnostic computer is required before the processor can raise the enable output 

signal. Manual intervention to enable I/O after start-up is required so that if  the processor 

develops a fault in flight that forces it to reset and relinquish I/O, it could otherwise enter 

an endless loop asserting and relinquishing I/O control.

On initial start-up and initialization, the processor performs a thorough RAM check. The 

processor stack is initially set at the top of RAM and all memory below the stack is 

written to with alternating bit patterns. After all RAM (except the stack) is loaded with 

this bit pattern, each byte is read back and checked. The test is then repeated with a 

different bit pattern so that each bit is tested in both the on and off states. Checking is 

delayed until all memory writes are complete to catch any memory bits that might switch 

states after a short delay. The alternating bit patterns are intended to catch any bit that is 

internally shorted to an adjacent bit. At the completion of these tests, memory is cleared 

and verified again. Since the memory used by the stack could not be checked, the stack is 

relocated into the area that was just tested and the untested bytes in high RAM previously 

used by the stack are abandoned. Any failures are recorded for later reference and will 

prevent the instrument from transitioning from SAFE to READY mode.
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At the completion of the initial RAM check, the program enters the main program loop. 

Every 16th pass through the main loop, the program saves a byte from RAM, writes a test 

byte, confirms it, and restores the original byte. Interrupts are disabled during this test so 

that program RAM can be checked without inadvertently corrupting memory. Each byte 

of RAM is checked in turn until all RAM has been checked one byte at a time. Then the 

process repeats continuously.

Every 8th pass through the main loop (on a different pass than the RAM check takes 

place) one byte of program EPROM is checked. A simple cumulative Exclusive OR is 

maintained until all EPROM has been checked. The result is then compared with a check 

byte stored in EEPROM and, if not equal, an error flag is set.

A zero byte is maintained at the bottom of the stack and is checked periodically. If this 

byte ever becomes non-zero, stack overflow is assumed to be the cause and the 

corresponding fault bit is set.

The HC11 utilizes an integral hardware Computer Operating Properly (COP) watchdog 

timer. This feature is enabled in the HEX plasma probe and failure to service the 

watchdog before it times out will generate an interrupt and reset the processor. This 

feature allows an orderly recovery if the program inadvertently enters an unplanned 

infinite loop or fails to complete the normal program loop in the time allotted.

Additional interrupts reset the processor if a slow clock is detected by the system 

hardware, if an illegal instruction is executed, if an unprogrammed interrupt occurs, if the 

processor jumps to unprogrammed EPROM, or a power failure is detected. There are 

provisions to force some of these abnormal interrupts but only under very specific 

conditions. A hardware 'fault test' jumper must be installed (removed for flight), the test 

must be manually initiated via the diagnostic computer and the test will only be run if the
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processor is in READY mode and run time is between three and four minutes. These 

multiple checks are included because these are destructive tests that would seriously 

disrupt instrument functionality if inadvertently triggered during the HEX experiment.

The processor is locked in SAFE mode until all these checks run through at least one full 

cycle. At that time, if no errors have been recorded, the processor automatically switches 

from SAFE to READY mode.

5.4.4 Serial Communications with the Diagnostic Computer

All interactive instrument control and diagnostic functions are initiated through a 

dedicated RS422 serial link. The serial link operates at 1024 baud (8 data bits. 1 start bit, 

no parity) and is designed intentionally for slow response to prevent serial link operations 

from loading the processor. In order to minimize communication firmware in the 

instrument, only minimal communications functions have been implemented in the flight 

firmware. Operational changes and interrogation functions are performed primarily by 

reading status words and changing flags in the instrument memory. Only five basic 

communications functions have been implemented. The syntax requires that each 

command start with a 7 ' followed by a single, upper case alpha character corresponding 

to the desired function. Numeric inputs, where required, are always two digit hex 

numbers and require upper case characters for the numerals A-F and terminate with a 

carriage return. Codes that require a numeric input display a prompt (*>' character) on 

the same line as the command. Inappropriate entries are ignored and not echoed to the 

terminal.

The instrument memory is accessed for read or write operations by setting the two byte 

address for the target memory into the data pointer and then reading or writing the 

memory address pointed to by the data pointer. This basic interface allows access to the 

instrument over the serial link with no at ditio lal software other than a standard terminal 

emulator.
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The basic instrument commands are:

/H — Set the high byte o f the data pointer.
/L -  Set the low byte o f the data pointer.
/R — Read one byte o f memory pointed at by the data pointer.
/W -  Write one byte of memory pointed at by the data pointer.
IX -  Re-initialize the processor.

All functions except /R and IX require, and prompt for. a two character hex input value. 

An example of a terminal session to read the number of seconds since power up in the 

instrument real time clock would proceed as follows: (Note: Real time seconds are 

located at memory address $0111. Remarks are in lower case. Operator entered text is in 

bold font.)

>/H >01 set high byte of data pointer
>/L >11 set low byte of data pointer
>/R read the byte located at $0111
>3B system responds with hex code (59 seconds here)
>/R read the same byte again (assume 5 second delay)
>04
>

system responds with updated time value

While it is possible to perform all required instrument operations using only the five basic 

functions, it is a slow and tedious process. In order to improve efficiency, a small 

diagnostic program was developed to simplify the user interface. This program is 

described in more detail in section 5.5 “Ground Support Equipment”.

5.4.5 Configuration Options

The control module incorporates a seven-position jumper block to permit some limited 

configuration changes without modifying the processor EPROM or EEPROM memory. 

Features are enabled or disabled depending on whether or not a jumper is present. The 

configuration parameters currently implemented are shown in Table 5.7.
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Table 5.7 Configuration jumpers.

Jumper Name
Internal
Code Pins Usage Description

LANJMP S01 5 -6 IN Enable launch detect on serial link disconnect
ROTJMP S02 7 -8 OUT Detect rotation rate (not imDlementedl
ADJJMP S04 9-1 0 OUT Dynamic bias adiustment (not imDlementedl
TSTJMP S08 11 -12 IN Perform launch time scheduled tests
FLTJMP S10 13-14 OUT Allow simulation of maior svstem faults
FSTJMP S20 15-16 IN Fast scan ootion for onboard Drocessina
SPJ9 $40 17-18 OUT Scare iumDer

5.4.5.1 Implemented Jumper Descriptions

LANJMP -  This jumper activates the launch detect feature that detects rocket launch by 

interruption of a regular heartbeat signal from the diagnostic computer. To operate, the 

instrument is placed in NORMAL mode and the heartbeat signal is initiated. When the 

instrument loses the heartbeat signal (umbilical disconnect), the instrument automatically 

switches to LAUNCH mode. If the jumper is not installed, this feature will not operate.

TSTJMP -  When the jumper is installed, any tests scheduled at fixed times after launch 

are permitted. Currently, the only such test is a bias sweep performed 320 seconds after 

launch. If the jumper is removed, this test will not be performed.

FLTJMP -  Certain major system faults trigger an immediate system reset. Among these 

are illegal instruction execution, computer operating properly watchdog timeout, slow 

clock, etc. In order to test these interrupts during development, logic is included to 

simulate these conditions. If this logic were to execute inadvertently during flight it could 

interrupt normal operation of the probe. To prevent this, the fault test logic is disabled 

when the FLTJMP jumper is not present. This jumper should always be removed before 

flight.
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FSTJMP -  This jumper refers to the rate at which the three analog channels are sampled 

by the HC11 processor while telemetry is operating. When this jumper is installed, the 

HC11 processor reads and processes the data each time the WFF93 telemetry module 

scans the ADC. If this jumper is removed, the HC11 will read and process each analog 

channel on every third scan of the WFF93. This option was included to prevent the 

WFF93 from overloading the HC11 processor by scanning the analog channels faster than 

the HC11 could process them. With a WFF93 scan rate of 1024 samples per second on 

each analog channel, the HC11 processor main loop cycle time is approximately 300 ps. 

Instrument performance could begin to degrade noticeably for cycle times greater than 

several milliseconds. This jumper should always be installed unless the instrument is 

used at a significantly higher scan rate (not recommended).

5.4.6 Real Time Clock and Time Sequencing

The real time clock interrupt executes every 4.18 ms and is used to control all instrument 

time based operations. The 4.18 ms clock is divided down to provide 0.25 s and 1.0 s 

timing pulses for task execution timing. Additionally, the clock is further divided down 

into minutes, hours, and days since the processor was reset. These timers are always 

cleared when the processor is reset for any reason so that a run time indication 

inconsistent with the last known reset of the instrument would indicate some type of 

abnormal processor reset has occurred and should be investigated.

5.4.7 ADC Interface

The hardware details of the ADS7807 Analog-to-Digital Converter have been described 

in detail in the control module description and will not be repeated here.

The data from the three analog channels can be used by the instrument to dynamically 

adjust for changing operating conditions (see section on Instrument Diagnostic Tests).
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These data must be obtained from the parallel port of the ADC while the WFF93 obtains 

telemetry data through the serial port.

The firmware obtains ADC data using two separate algorithms. The primary method 

used to read the ADC parallel port is to synchronize its data acquisition with the WFF93 

telemetry operation. After the WFF93 completes reading the ADC serial port, a new 

conversion pulse is generated and the ADC asserts its /READY signal. /READY 

generates a processor interrupt. Note that the interrupt occurs at the start of the 

conversion cycle instead of at the end of the cycle as would normally be the case. The 

latency of the interrupt process is such that the conversion process completes before the 

processor initiates an ADC parallel read. The processor must complete the parallel read 

before the WFF93 initiates the next serial read. The WFF93 operates independently of 

the HC11 processor with no handshaking to coordinate the data acquisition. Collision 

avoidance is strictly a matter of timing, so it is advantageous for the HC11 to complete its 

parallel read as quickly as possible after the ADC completes its conversion cycle. In this 

way, when the WFF93 telemetry module is operating, the HC11 obtains analog data by 

'eaves dropping* on the telemetry data.

As a consequence of this method of data acquisition, if the WFF93 telemetry module is 

missing or inoperative, the HC11 cannot access the ADC. Normally, in flight this would 

not be a consideration, because, if the WFF93 telemetry module stops operating, all 

communications with the flight instruments would be lost anyway. However, this does 

present a problem for bench tests and calibration of the instrument when a WFF93 

telemetry module is unavailable. A second method of scanning the ADC is provided for 

this purpose.

When the processor detects that no WFF93 telemetry scan has taken place for two clock 

cycles (~8 ms) the processor can, if required, trigger a conversion cycle of the ADC and 

read the results on the parallel port. Simultaneous triggering of the ADC conversion cycle
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by both telemetry and the HC11 processor would disrupt both processes. In order for 

telemetry to always have highest priority access to the ADC, after reading all three 

channels, the processor waits another 8 ms for a telemetry scan and discontinues scanning 

if the WFF93 accesses the ADC. If telemetry is still not operating, the process repeats.

As an additional safety measure, the HC11 processor is not allowed to initiate an ADC 

conversion cycle when the instrument is operating in NORMAL or LAUNCH modes.

5.4.8 Instrument Diagnostic Tests (Bias Sweep)

The firmware includes an option to perform a predetermined instrument diagnostic test at 

the end of the HEX mission to characterize results and better assess instrument 

performance.

The primary scientific function of the instrument will have been completed 320 seconds 

after launch. The probe should still be within communications range and high enough to 

encounter moderately dense plasmas. If enabled before launch, the instrument will 

initiate its preprogrammed test sequence at this point.

The first step is to drop the probe bias from -0.43 V to -0.09 V. At nominal expected 

plasma temperatures, this bias is insufficient to repel the more energetic thermal 

electrons. With the secondary collector oriented within the wake area, the collector 

should be shielded from the stream of positive ions [1] and experience a net positive 

current flow resulting from collisions with the more energetic electrons. The negative 

bias is then increased in steps of -0.1 V from -0.09 V to -0.9 V as shown in Figure 5.12. 

As the probe bias becomes more negative, at some point electron collisions will cease and 

the collector current will drop below the noise threshold. When this occurs, the probe 

will be biased just negative enough to repel all thermal electrons. This represents the 

optimum bias value for the collectors and is retained by the processor and. at the 

conclusion of the bias sweep, is used as the new default probe bias.
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Figure 5.12 Probe bias test sweep.

Figure 5.13 is a plot of the response of the three data channels to the bias sweep with the 

main collector open circuited and a dummy load attached to the secondary collector. 

These data confirm that the dwell time within each bias step (approximately 4 ms) is 

sufficient for the measurements to stabilize between each step and that there is no 

detectable parasitic capacitive coupling between the collectors and the chassis or between 

the collectors themselves.
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Bias Sweep Response

Telemetry Scan Cycles

Figure 5.13 Probe current response to bias sweep.

As the probe rotates, the secondary collector will approach the wake area of the probe, 

which should be largely depleted of both positive ions and thermal electrons [1]. As the 

secondary collector approaches the wake area, the trajectories of the ions become 

increasingly oblique while the electron velocities remain essentially random. At some 

point prior to complete blocking o f both species in the wake, if the collector is biased 

correctly, collection of thermal electrons should dominate, resulting in a collector current 

reversal of direction. This is illustrated in a plot of actual flight data from the secondary 

collector in Figure 5.14. (This figure is actually a measurement of high-energy secondary 

auroral electrons rather than ambient thermal electrons, but nevertheless, it illustrates the 

electron collection process in the wake area.) Positive ADC counts indicate net electron 

current from the collector. As the collector approaches the wake area, ion collection 

decreases faster than electron collection until electron collection dominates and the 

current direction reverses. As the collector fully enters the wake, access to all but the 

most energetic electrons is blocked and electron current decreases. As the collector
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begins to emerge from the wake on the other side o f the probe, electron current once 

again increases and then again falls off as positive ions gain access to the collector.

Figure 5.14. taken from probe data returned from within an auroral arc. shows that high- 

energy secondary auroral electrons were present with energies sufficient to penetrate 

completely through the wake. Because the high-energy electrons penetrated completely 

through the wake, electron current never decreased to zero at the center of the wake area.

During the bias sweep test, probe bias is initially dropped to -0.09 V (approximately 

-0.46 V with respect to the neutral plasma). With the probe's secondary collector 

oriented at the edge of the wake, electrons with energies greater than 0.46 eV are 

expected to dominate collector current. As the probe rotates, the secondary collector will 

pass through the wake two or three times per second. The peak electron current in each 

of five consecutive, one-second periods is recorded. If the peak electron currents in each 

of the five one second time slots are all greater than the noise threshold o f the instrument, 

and the smallest peak electron current in any one second time slot is at least % of the 

highest electron peak in any other one second time slot, then the probe is in a stable, 

uniform plasma environment with a bias potential that is insufficient to repel all thermal 

electrons. The process repeats continuously until these conditions are achieved.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



87

r
Electron Detection

Scan cycles

Figure 5.14 Secondary collector electron collection.

At the time that the probe detects a stable, uniform plasma environment, exact probe 

orientation is unknown. The test procedure requires that the bias sweep take place while 

the secondary collector is just entering the wake area. The first step is to wait until the 

secondary collector can be confirmed to be somewhere out of the wake area. Any net ion 

current indicates that this has occurred. Once secondary collector orientation out of the 

wake has been confirmed, the sequence waits until electron current is again established as 

the secondary collector again re-enters the wake. At this point, the secondary collector is 

oriented at the start o f its transition through the wake area.

Once the sequence has established proper orientation of the secondary collector, the bias 

is stepped from -0.09 V to —0.9 V in 0.1 V, 4 ms steps. At a nominal rotation rate of 2.5 

rps, the entire sweep will be complete as the secondary collector rotates through 36 

degrees, before the secondary collector rotates too deeply into the wake area. At each of 

these steps, the secondary collector current is checked. At the point where the electron 

current vanishes, the bias is just sufficient to repel all thermal electrons. This bias value 

is retained, and at the completion of the sweep, will become the new fixed DC probe bias.
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5.4.9 Interrupt Service Routines

The HEX Plasma Probe firmware consists of a main program loop that runs continuously 

and performs all routine tasks. Several interrupt service routines control tasks that require 

precise timing or that must respond promptly to external events.

5.4.9.1 Real Time Clock Interrupt

Real Time Clock interrupt occurs at a time interval of 4.1 ms and provides the time base 

for all system timed functions.

5.4.9.2 ADC Conversion Complete

This interrupt actually occurs at the start of the conversion cycle instead of when the cycle 

is complete. The interrupt service routine latency time is similar to the ADC conversion 

time. By interrupting the processor at the start of the ADC conversion cycle, the Interrupt 

Service Routine (ISR) housekeeping tasks complete at approximately the same time that 

the ADC completes its conversion cycle.

5.4.9.3 Power Fail. COP, Slow Clock, Spurious Interrupt, Program Error

The HC11 processor responds to several abnormal conditions by entering various 

interrupt service routines that attempt to mitigate the consequences of abnormal operating 

conditions. It is assumed that in the event of a power failure, a slow clock interrupt will 

immediately precede imminent loss of processor control. The recovery action is to 

immediately place the processor in SAFE mode (to disconnect control I/O) and await a 

hardware reset.

Spurious interrupt and COP watchdog interrupt reset the processor as would occur after a 

hardware reset with the exception that RAM memory locations SPINT and WDINT are 

not reset to zero but are incremented by the spurious interrupt and COP watchdog
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interrupt, respectively. Non-zero counts in these memory locations after an unexpected 

processor interrupt can be used to help deduce the cause of the problem.

5.5 Ground Support Equipment

Ground Support Equipment for the instrument consists of a diagnostic computer 

connected through the instrument's diagnostic RS422 serial port As described above in 

the control mode description, the instrument responds to four basic functions: Set the 

operand address in the data pointer, read or write the memory location specified by the 

data pointer, and reset the processor. Control of the instrument is accomplished by 

reading and/or modifying system status and control flags or other control parameters. 

While it is entirely possible to control the instrument using only the four basic command 

functions, to do so would be extremely cumbersome and time consuming.

To overcome this problem and provide a reasonably efficient method o f controlling the 

instrument a small menu driven PC-based 'C' program was developed with pre

programmed sequences to perform the operations required to monitor the instrument's 

health and prepare it for launch. The operator can perform all basic instrument 

procedures by selecting items from a menu. The program issues the required instrument 

low-level read and/or write sequences to accomplish the requested task(s). .

On initial start-up. the program displays the main menu (Figure 5.15). From here the 

operator can select

1) view near real time values for probe scientific data.

2) view near real time probe status or

3) change probe control parameters.

A fourth option creates a demonstration display not directly applicable to instrument 

flight operations.
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HEUC JPlsusxnsi Probe Diagnostic Interface

JL) Probe Soxonco Data Display
2) E>irot>e Status Display •
3) Probe Control Functions
4) Demonstration
5) Quit

Enter? choice

Figure 5.15 Diagnostic computer interface main menu.

The scientific data screen (not shown) is used to view the current value of the three 

analog channels, the collector bias and control board temperature. Other parameters are 

included for debugging purposes that are not directly related to normal instrument 

operations.

The status screen (Figure 5.16) displays comprehensive information on the health and 

operating mode of the instrument. The first line displays the elapsed time since the 

instrument was reset. These data can be used to confirm that no uncommanded resets 

have occurred. The second line shows the status of the on-board memory and stack 

diagnostics. If any of these tests were to fail, the status of the failed test would change to 

'alarm'. The status item 'first pass' will display 'yes' until all memory tests have
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completed at least one complete cycle (15 to 30 seconds, depending on system loading). 

The next two lines list operations flags that can be turned on or off from the command 

screen as well as certain maintenance flags accessible only by direct manipulation using a 

terminal emulator which are not described here. The fifth line displays the status of the 

onboard configuration jumpers. Jumper status is only valid if  the bias source is 

controlled by the HC11. This is because defaulting the bias source disables all HC11 

control I/O. which includes the configuration jumpers. The last line displays other critical 

operating parameters including instrument operating mode, main program loop cycles per 

clock tick, number of seconds since launch, and as previously mentioned, source of the 

collector bias signal.

— .....
HEX Plasma Rxrotoe Status Display

Days .Hours. Minutes Seconds
"■ ...........................• - - -..........

Run Time Ci ■ O 1 "2. —

RAM . EPROM Stack- 1st Pass

.Faults OK. OK. OK Nl '

HW. Test ADC Scan COP Test RAM ts t EPROM t s t

E*lo<gs o>--k ' ON ON .

I l l  in s t Elec ttoras HEX Ooerr Nihka Sep Bias Tst

OFF. NO NO MO - ON • • * ’

. . _______ ... — F it Test In st Tost Fast Scan spare Launch Dot

Jumpers O'.JT * i' >? ; ' IK ' JN ' '

Mode----- Cyc/Tlc , M T3.XOC Bias Src unused

Misc NORMAL. Z-zL o liOJLl. ‘ . t

Figure 5.16 Diagnostic computer real time status display.
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The control screen (Figure 5.17) is used to change instrument operating mode and toggle 

various commonly used control flags. The states of all o f these flags are displayed on the 

status screen. The ADC scan flag determines whether or not the onboard HC11 processor 

is allowed to force an ADC scan cycle in the absence of a telemetry signal. This bit 

should never be turned on for actual launch and is forced off in NORMAL and LAUNCH 

operating modes. As previously mentioned, the bias adjust test function allows the 

instrument to perform a single sweep of the collector bias 320 seconds after launch. This 

function is normally turned on for launch. Item number 4 on the control menu, 

enable/disable hardware test relay, connects a fixed load in parallel with the collector 

electrodes to confirm correct calibration of the instrument analog channels. As with ADC 

scan, this feature should not be enabled for launch and is forced off in NORMAL or 

LAUNCH modes. Item 5 allows the EEPROM checksum test to be turned off. This 

would allow the probe to continue to operate in the event of a checksum failure if it was 

determined that it was safe to do so. Item 6 controls the source of the collector bias. As 

previously mentioned, setting the bias source to default disconnects all processor I/O. 

Note that the probe does not automatically enable processor bias control after start-up. 

This is a manual operation and it is intended that the operator should manually confirm 

proper operating status of the probe each time it is initialized before allowing processor 

access to control I/O functions. Item 8 initiates a pre-launch heartbeat signal to the 

instrument. This function only operates if the probe is in NORMAL mode, which should 

be the case prior to each launch attempt. If the rocket is in fact launched, the instrument 

will lose access to the heartbeat signal from the diagnostic computer and automatically 

switch to LAUNCH mode. Item 0 is not fully implemented and should not be used. Item 

T performs a series of ten one-second steps of the collector bias with the hardware test

load relay energized and then releases control of the probe. This test exercises all major 

instrument functions and should be performed as part o f the pre-launch start-up 

procedure. The instrument must be in READY mode to perform this test. The remaining 

functions are self-explanatory.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



93

C o n t r o l  M e n u

1) Change Mode
2) Enable/Disable 'ADC Scan ' .
3) Enable/Disable Bras Adjust te s t
4.) Elnablc/Disable Hoccciwmro Tost Relay
£> Enable/Disable EPROM to st
7> Emable/Disable Programable t>±£*s>
S) Enalbe/Disable heartbeat signal for launch detect
O) Force end of experiment to s t sweep xrx LAUNCH mode
T> In itia te  Tost Sequence in  READY mocdc
R) Return to' Main menu *
X) Master Reset ,
Enter Selection

Figure 5.17 Diagnostic computer control menu.

A complete pre-launch instrument start-up and initialization procedure checklist is 

included in Appendix C.

5.6 Testing and Integration

Prior to payload final assembly, it is critical that the instrument undergo testing to 

confirm that the operational requirements can be met under the expected operating 

conditions. In addition, prototypes should be tested under more severe conditions, 

including conditions that might cause hidden defects or component damage. (Flight 

hardware should never be subjected to this type of testing.)
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5.6.1 Calibration and Functional Testing

Calibration and functional testing takes place in several stages. The plasma probe is built 

on three separate circuit boards. After assembly, each board is tested in stand-alone 

configuration to confirm basic operational status. After basic operation is confirmed, the 

ADC and second stage amplifiers are calibrated. Once all three boards are checked 

individually and calibrated, the instrument is assembled and tested as a unit.

5.6.2 DC Testing

After the control board and analog boards are assembled, the next step is to confirm 

proper DC operation.

Power supply module functional testing consists of connecting the inputs to a convenient 

28 VDC supply (Recall that supply voltage must be applied abruptly and not ramped or 

current limited.) and confirming test point voltages. Ripple can be checked after the 

instrument is fully assembled. With no load connected, the PCU typically draws 19.3 mA 

from the 28 VDC source.

The CPU board can be tested in stand-alone configuration using a single +5 VDC bench 

supply and a diagnostic computer. For this test, the analog and digital 5 VDC inputs can 

be tied together at the source. Connect the +5 VDC source to J943G2 pins 2 and 3 to 

supply the digital circuits and the ADC. Also connect +5 VDC to pin 4 to disable the low 

power supply voltage interrupt. Connect the power supply ground to Pin 5.

For the on-board HC11 processor to access the ADC without connecting telemetry, the 

GTD_CLK signal must be held low. Connect pin 1 on each of the three telemetry 

channel connectors (J943C2D2/E2) to ground. Also connect pins 6 and 7 of J943B2 to 

ground to provided an analog return path for the ADC.
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CAUTION: Applying power to the control board without grounding these pins 

may cause irreversible damage to the control board hardware if not promptly 

corrected.

Finally, connect the diagnostic computer to J943F2 GSE connector (see dwg.

GO 104-02-01-201) and start Hvperterm (or other terminal emulator) on the diagnostic 

computer set for 2400 baud. 8 data bits, one start bit. and no parity.

Turn on the +5 VDC supply and confirm current draw of approximately 44 mA. The 

terminal emulator should display a ”>" prompt character. Enter *7R” on the diagnostic 

computer, and if the processor is operating properly, it will echo the command characters 

and respond with an indeterminate two byte hex value. Set the data pointer to $0100 

(STAT1) by setting the high byte (command /H) to 01 and the low byte (command IL) to 

00. The value can be read using the /R command. After several seconds, possibly as long 

as 25 seconds, the processor will complete its self-checks and set processor status to 

"READY”. When STATI contains a hex value of $E2. the start-up sequence and self

checks have been completed correctly. Set the data pointer to PORT_D ($1008) by 

setting the high byte to $10 and low byte to $08. Write hex 04 (/W followed by “04“) to 

enable processor I/O.

With processor I/O enabled, the configuration jumpers can be tested. As described 

above, set the data pointer to $0104 and read the state of the jumpers using the /R 

command. Test each configuration jumper by installing the jumper and using the read 

command to confirm the corresponding bit in $0104 switches from 41" to *0? then the 

jumper is installed.

Next, enable HC11 control of the ADC by setting the $40 bit of STAT3 ($0102). Now 

the high and low bytes of the three analog channels can be read at memory locations 

$012E through $0133. respectively. Values should be approximately $8000 but will vary 

somewhat until the ADC is calibrated.
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Successful completion of these tests should provide a high degree of confidence that the 

control module is functional and ready for final assembly.

5.6.2.1 Analog Module Test Procedure

• Obtain two bench supplies, +5 VDC and -15 VDC.

• Connect J943H1 pin 1 to -15 VDC. pins 2 and 3 to +5 VDC. and pin 5 to 

common.

• Connect J943K1 pins 4 and 5 to common. .

• Leave J943K1 pin 1,2 and 3 open to force zero output on the analog channels.

• Jumper J943B1 pins 1,2 and 3 either high or low' to select one of the three analog 

channels.

• Jumper J943A1 pin 10 to common to disable the test relay

• Jumper the remaining J943A1 pins either high or low to select a bias voltage. 

These pins must not be allowed to float or the system may oscillate.

• Once these connections are complete and verified correct, apply power to the 

analog board.

• Confirm that the analog board by itself draws approximately 5.1 mA from the -15 

VDC supply and 7.9 mA from the +5 VDC supply.
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• Check the output of the final stage amplifier of each analog section to confirm 

approximately zero volts output.

• Measure the fixed default bias voltage on U10 pin 6 and verify default bias is a 

nominal -0.43 Volts.

•  Confirm proper operation of the bias control DAC. With all control lines to the 

DAC grounded (J943A1 pins 1-8). bias should be measured at nominal -1.250 

Volts.

• Test each ADC input line by momentarily connecting each of the inputs to +5 

VDC and measure the resulting bias at U13 pin 6 and confirm the corresponding 

bias voltage as shown in Table 5.8.

Table 5.8 ADC bias bit weight.

Pin asserted Measured Bias

None -1.252

1 -1.242

2 -1.232

3 -1.213

4 -1.174

5 -1.095

6 -0.939

7 -0.625

8 +0.001

All +1.246
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The WFF93 analog channel dedicated to plasma probe bias potential can be damaged by 

signals outside of its positive 0 -  5 V range. To allow the WFF93 to monitor the 

normally negative probe bias potential, the bias signal is inverted and negative outputs 

clamped to 0 V before being connected to the WFF93. Confirm that the inverted bias 

voltage appears on J943B1 pin 5. This signal should be clamped to 0 V for all positive 

bias potentials and equal in magnitude but opposite in polarity for all negative bias 

potentials.

This completes functional testing and the three circuit boards can be assembled for final 

testing and calibration.
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Two stable bench power supplies, an oscilloscope, a precision volt meter with resolution 

of at least 10 uV. soldering and de-soldering equipment and a supply of precision 

resistors are required for these procedures.

• Assemble the instrument using the extra length power cable for the analog board. 

Assemble the remaining interconnect cables as shown on drawing

GO 104-02-01-400 (Appendix A) except for the cable between P943B1 to P943B2. 

With interconnect cabling installed in this manner, the boards can be positioned to 

allow easy access to all components.

• Connect the diagnostic computer to the control board and jumper the telemetry 

gated clock pins to ground as described in the control board testing section. 

Ground the analog board connector J943K1 pins 4 and 5 and control board 

J943B2 pins 6 and 7. Connect a test lead to J943B2 pin 5 for later ADC 

calibration. This lead should initially be connected with a low impedance 

connector to power supply common.

• It is now safe to apply power to the complete instrument. Set the bench power 

supply to +28 VDC with current limiting not less than 250 mA. Apply power to 

the instrument. As previously mentioned, power must be applied through a hard 

connection that will not ramp or current limit the applied voltage. Immediately 

confirm current draw of nominally 40 mA. If the current varies more than 10 mA 

from the nominal 40 mA, immediately disconnect power, re-check connections 

and correct any wiring errors.

5.6.3 Calibration procedures

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



100

• Check the power conditioning unit voltages as described in the PCU checkout 

procedures. Connect the oscilloscope to the PCU output test points and verify that 

ripple voltage is negligible. It is essential to minimize the length of the probe 

ground connection to the PCU ground to obtain an accurate measurement. If the 

probe is not properly grounded, the leads will pick up stray emissions from the 

switching regulators giving an erroneous ripple indication.

• If the processor has initialized correctly, the terminal emulator of the diagnostic 

computer should be displaying a ”>" prompt. Use the diagnostic computer 

procedures described in the control board checkout section to re-confirm proper 

operation of the control module.

The instrument is now ready for ADC calibration.

5.6.3.1 ADC Calibration Procedure

a) Connect the instrument with jumpers installed as described above.

b) With a precision Volt meter, set the +5 V supply to 5.000 V +/- 1 mV.

c) Read Channel 1 analog value in memory location S012E/F as described in the 

analog board checkout procedure. Tune R7 to obtain an ADC count value of 

$8000.

d) Remove the ground jumper on J943B1 Pin 5 and connect to the precision +5 V 

supply.

e) Read Channel 1 analog value and tune R8 to obtain an ADC count value of 

$8000.
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f) Repeat step (c through (e until no further improvements can be obtained.

g) Remove jumpers J1 and J2.

h) Using a precision ohm meter, measure from Jl-2 and the most distant hole for 

uninstalled R101. Record the value for R101 to the nearest 0.01 ohms.

i) Using a precision ohm meter, measure the resistance between J2-1 and the most 

distant hole for uninstalled R101. Record the value for R102 to the nearest 0.01 

ohms.

j) Measure the resistance between J3-2 and the hole of uninstalled R104 closest to 

R7. Record the value for R104 to the nearest 0.01 ohms.

k) Measure the resistance between J4-1 and the hole of uninstalled R104 closest to 

R7. Record the value for R103 to the nearest 0.01 ohms.

1) Remove R7 and R8 and install R101 to R104 values as determined above. Repeat 

steps (c through (e to confirm calibration.

5.6.3.2 Analog Module Calibration

a) Remove the jumpers from J943B1 and install the flight connector cable between 

J943B1 and J943B2.

b) While monitoring analog Channel 2 value ($0130/1). tune R3 for an output value 

of $8000. Confirm that the Channel 1 value (S012E/F) also reads $8000.

c) While monitoring the analog Channel 3 value ($0132/3). tune R18 for an output 

value of $8000.
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d) Remove jumpers J1 and 52. Measure the resistance between Jl-1 and the hole of 

uninstalled R45 nearest R4. Record the value for R45 to the nearest 0.01 ohms.

e) Measure the resistance between J2-1 and the hole of uninstalled R43 nearest R18. 

Record the value for R43 to nearest the 0.01 ohms.

f) Remove R3 and R18 and install R43 -  R45 values as determined above. Repeat 

steps (a through (c to confirm calibration.

5.6.4 Dynamic Testing

The following test sequence should be performed to confirm proper operation of the 

anti-aliasing filter and linearity in the pass band (0 -  500 Hz).

• Obtain a signal generator with a range o f 10 Hz to 5 kHz and an oscilloscope.

• Fabricate several connection jumpers, one with an integral 1 MO resistor, that will 

mate to a single pin on any o f the instrument on-board connectors.

• Set the signal generator to output a 10 Hz sine wave with an output of less than 1 

V p-p. Connect the output o f the signal generator using the jumper with the 1 MO 

resistor to J943K1 pin 2. Connect the oscilloscope to U5 pin 10. Start the signal 

generator and adjust the output for some convenient output value (near 5 V p-p).

Adjust the frequency on the generator to confirm -3 dB drop at 500 Hz and -20 dB

at 1 kHz. Confirm -20 dB/decade through 5 kHz.

• Move the test jumper to J943K1 pin 3 and move the scope probe to U7 pin 10 and

repeat the above procedure for Channel 4.
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5.6.5 Temperature Cycling

After all calibration is complete and before staking and conformal coating:

• Place the completed instrument in a temperature control chamber set to cycle 

from -10° C to 40° C every 14 hour.

• At the end of each cycle, take ten readings of each channel and the on-board 

temperature indication.

• Energize the test relay and repeat the ten readings for each channel.

• Repeat the process for a minimum of five cycles.

• For at least two cold cycles, leave the instrument unpowered until the temperature 

has stabilized. Apply power at the end of the cold cycle to confirm that the 

thermal shock of applying power to a cold instrument will not cause any 

component failures.

At the conclusion of the temperature tests, average the readings from the three data 

channels at -10° C and 40° C and compare with the room temperature values 

(Figure 5.18) to confirm that the instrument does not experience excessive temperature 

drift.
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Temperature Stability
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Figure 5.18 Flight hardware temperature stability.

5.6.6 Electo-Static Discharge (ESD) testing (prototype only)

The completed prototype was tested for ESD sensitivity by deliberately subjecting the 

inputs to multiple moderately severe static electric discharges. This was intended as a 

rough qualitative test and not a precise qualification procedure. ESD voltages were 

generated by intentionally violating normal ESD mitigation practices to generate as large 

a human body static electric charge as would normally be expected from careless 

handling and then intentionally touching a wire connected to the instrument input 

connection. This procedure created a visible and audible discharge of approximately lA to 

Vz inch (5.000 to 10.000 volts).

The original prototype included a bypass capacitor between the input directly to analog 

reference ground to bypass electrostatic discharge voltages directly to ground and protect 

the first stage amplifier input. After subjecting the input circuitry to several discharge 

pulses, it was found that the first stage amplifier was still functioning properly but the
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second stage amplifier had failed. Closer examination of the first and second stage 

amplifier circuitry revealed that the input bypass capacitor of the second stage amplifier 

provided a low impedance high frequency path for ESD voltages from the input terminal 

to the second stage amplifier input by way of the analog reference ground. The input 

circuitry was modified to eliminate the first stage input bypass capacitor and increase the 

value of the first stage amplifier input resistor. The higher impedance of the first stage 

input resistor limits the ESD current so that it can be safely dissipated through the first 

stage feedback capacitor to the first stage amplifier output. This eliminates any direct 

high frequency path for the ESD to reference ground, thus protecting downstream 

grounded circuitry. The modified input circuitry was breadboarded and subjected to 

repeated electrostatic discharges with no apparent damage. The modified circuitry was 

later implemented in the flight hardware.

5.6.7 Cables

All flight cables are assembled using gold contact DB type connectors for external 

connections and Molex® connectors internally. All cables are fabricated using 

exclusively Teflon® insulated wire.

5.6.8 Payload Final Assembly. Integration and Testing

After the circuit boards have been assembled, tested and calibrated, the components are 

staked (embedded in a two part urethane compound formulated to dampen component 

vibrations. Uralane® 5753A/B manufactured by Ciba-Geigy Corporation) and the 

completed boards conformal coated. The PCU utilizes high profile electrolytic 

capacitors. To protect these high CG components from vibration damage at their natural 

mechanical resonance, a fiber brace plate was fabricated linking all high profile 

components to the circuit board near or above their midpoints (see Figure 5.19). The 

fiber brace was fastened to the components and circuit board with veiy generous amounts 

of staking compound. The functional tests as described above were repeated. The
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electronics package could then be assembled in flight configuration. Spacers were 

installed on one-inch centers in the holes provided with Locktite® (Blue) applied to each 

connection. Note that the standard SRP-4 design calls for aluminum spacers with #4/40 

screw connections. It was found that it is very difficult to properly assemble these 

spacers without over torquing the small #4/40 screw connections. All future boards of 

this type should use aluminum spacers with no less than #6/32 hardware.

The fully assembled electronics module (Figure 5.19) was then installed in a machined 

aluminum enclosure (fabricated by the UAF GI Machine Shop -  Figure 5.20) to form a 

completed subassembly.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 5.19 Electronics assembled for final testing.
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Figure 5.20 Completed electronics sub-assembly.

The fully assembled electronics subassembly was then fastened to the deck plate attached 

to the instrument skin section and final electrical connections to the collector surfaces 

were completed (Figure 5.21).

The fully assembled instrument was then transported to NASA Wallops Flight Facility 

payload assembly facilities for payload buildup.
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Figure 5.21 Interior view of fully assembled instrument.

During initial payload buildup, the instrument performed well until the photometer high 

voltage was turned on. With the photometer high voltage section energized, the plasma 

probe noise signal increased from approximately 5-6 counts peak-to-peak to 300-400 

counts peak-to-peak. In order to reduce the noise signal internal to the photometer, the 

photometer grounding system had been re-configured in the field so that the noise 

generated by the instrument was shunted to the vehicle chassis instead of being returned 

directly to the power supply. While this configuration was effective at reducing internal 

photometer noise, the noise generated by the photometer was now coupled directly to the 

plasma probe ADC reference ground through the vehicle chassis. The original plasma 

probe design called for obtaining the ADC reference ground from the vehicle chassis
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directly underlying the collectors to keep the reference ground as close as possible to the 

vehicle potential at the collector. Due to the high level of ambient noise present on the 

chassis skin of the fully assembled payload with all systems operating, this grounding 

scheme was clearly not practical. Several field modifications to the probe reference 

ground were tested until it was found that the plasma probe noise level could be reduced 

to 16-20 counts peak-to-peak (Figure 5.11) by removing the reference ground source from 

the chassis skin and connecting it directly to the PCU ground plane near the analog 

supply linear regulator. Several other configurations were tested, such as placing ferrite 

beads on the instrument power and ground connections and connecting reference ground 

to power supply ground at different locations on the instrument. However, the only 

grounding scheme that had any significant effect on the total instrument noise level was a 

direct connection to the PCU ground plane near the analog linear regulator. While unable 

to achieve the same noise level that was present without the photometer operating, the 

instrument would still be capable of meeting its scientific objectives with peak-to-peak 

noise signals of 16-20 counts as observed in this configuration. It is possible that the 

noise level could have been further reduced with additional experimentation. However, 

troubleshooting the plasma probe noise problem became a critical path in the payload 

assembly schedule and insufficient time remained to make it prudent to continue attempts 

to further improve plasma probe performance.

With all payload systems functionally within acceptable limits, the entire payload was 

assembled, balanced and subjected to vibration (Figure 5.22) and other environmental 

tests. All systems performed within specifications for all tests.

The final step was to transport all components to Poker Flat Research Range and mate the 

completed payload, tested and ready for flight, onto the assembled rocket motors and 

prepare to launch the rocket.
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5.6.9 Pre-Launch checklist.

With the entire sounding rocket assembled, mounted on the rail and ready for launch, 

power is first applied to the plasma probe at time T = -10:00 minutes in the pre-launch 

countdown sequence. Proper operation of the instrument must be confirmed by T = -9:00 

minutes.

On initial power up, the instrument should be monitored immediately with the diagnostic 

computer. The instrument will not accept any commands until it has completed its initial 

self-checks. This takes approximately 25 seconds and is confirmed when the instrument 

operating mode automatically switches from SAFE to READY mode and the “First Pass" 

item on the status screen displays “No" (Figure 5.16). After the initial self-checks are 

completed, the instrument is ready to accept commands. To ensure fail-safe operation, 

the HC11 command functions are disabled at start-up and must be manually enabled 

before system checks can be performed. The instrument is now fully operational and ail 

remaining pre-launch tests should be completed. At the conclusion of the status checks, 

the instrument is switched from READY to NORMAL mode. The instrument remains in 

this configuration until the serial link is disconnected at launch indicating to the 

instrument that it should switch to LAUNCH mode and begin flight timing sequences. 

The complete pre-launch checklist is included in Appendix C of this document.

5.7 Areas For Potential Improvements

During development, the following potential areas for improvement were identified that 

because of scheduling or other constraints, were not implemented in the flight hardware:

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



113

5.7.1 Additional external control signals

The payload sequence control logic is capable of providing several control signals to 

scientific instrumentation packages, which could have greatly simplified instrument 

firmware.

5.7.1.1 Angular Position

The segmented collector system of the plasma probe is sensitive to the orientation of the 

two sections with respect to the proper motion of the payload through the ionosphere.

The probe velocity is much greater than the average thermal velocity o f the ions that it is 

intended to detect and measure. As the probe moves through the ionosphere and collects 

ions in its path, it creates a "wake" behind the probe that is largely depleted of electrons 

and positive ions. Absolute knowledge of the probe orientation would greatly facilitate 

dynamic control of the probe bias. Lacking this signal, it is necessary to attempt to 

deduce probe orientation from the physical probe measurements. This method is 

processor intensive, complex and probably not very reliable. Inclusion of angular 

position would simplify the logic and improve reliability of the instrument.

5.7.1.2 Lanyard Pull

The instrument is required to perform certain functions at fixed times after launch. 

Currently the launch time is detected by initiating a heartbeat signal from the 

ground-based diagnostic computer. When the umbilical disconnects at launch, the 

heartbeat signal ceases and the instrument begins flight timing. A lanyard pull signal is 

available from the payload control system and would better perform this function.

5.7.2 Synchronize Chopper Stabilized Amplifiers with ADC

Chopper stabilized amplifiers are used in the plasma probe because o f their extremely low 

offset voltage essential to this design. The disadvantage of the chopper stabilized
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amplifiers is the sharp switching spikes generated by the switching of the nulling 

capacitors. System timing considerations limit the amount of filtering that can be used in 

the final amplifier stages to eliminate these spikes, which almost certainly contribute to 

the scatter of the ADC output. Future designs could synchronize switching of the nulling 

capacitors so that the switching spikes occur between ADC conversion cycles.

5.7.3 Use improved data format

The instrument transmits data as straight binary over three separate telemetry channels. 

Channels 1 and 2 represent the same physical quantity (main collector current) scaled for 

different gains. Data were presented in this maimer to take advantage of the real time 

data display capabilities of the existing ground support equipment (GSE). In hindsight, 

the cost and added complexity required in the instrument to conform to this 

communications protocol far exceeded the benefits o f using the existing GSE. It would 

have been much more cost effective and reliable for the instrument to format the data as 

floating point numbers transmitted over telemetry as data frames and develop new GSE to 

read the frames and display real time data.

5.7.4 Improved current/voltage calculation at longer Debye lengths .

Attempt to use improved algorithms developed by Hoegy and Wharton [12] to more 

accurately approximate the probe current/voltage relationship at lower density (longer 

Debye length) plasmas.

5.7.5 Processor Selection

The Motorola® HC11 processor was selected for this design because at the time, this 

processor was used widely at UAF, so that all the necessary support infrastructure and 

institutional knowledge were already in place. The performance of the HC11 was
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adequate for the task and it is (was) manufactured to perform in both civilian and military 

temperature ranges.

Late in the process it was learned that the manufacturer had discontinued production of 

the processor version used in the instrument design. Availability of this key component 

suddenly became critical. While in theory the processor would still be available for 

several weeks after the announcement that it was being discontinued, in practice, 

suppliers either declined our request for quotation or required prohibitively large 

minimum order quantities. Ultimately, we were unable to obtain components in military 

temperature range and were forced to use industrial grade components already on hand.

In such applications second source availability would be highly desirable. If proprietary 

components with no direct replacements available must be used they should be purchased 

at the outset in sufficient quantities in the desired temperature range.

5.7.6 Add ADC External Voltage Reference

The accuracy of the TI® ADS7807 could be easily enhanced by substituting a high 

quality external voltage reference for the ADS7807 on board reference.

After the completed instrument was tested and evaluate, integrated into the HEX payload 

and attached to the rocket motor, the HEX sounding rockets where successfully launched 

from Poker Flat Rocket Research Range near Fairbanks Alaska on March 23,2003. 

Chapter 6 examines the telemetry data received from the plasma probe from launch until 

communications with the payload ceased as it re-entered the earth's atmosphere over the 

arctic ice cap.
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6 Data Analysis

The HEX horizontal and vertical rockets were launched successfully from Poker Flat 

Research Range, Alaska at approximately 2:00 AM local time on the morning of March 

25, 2003. The horizontal rocket reached an apogee of 155.6 km at 250 seconds after 

launch. Loss o f signal occurred at approximately 403 seconds at a range of -700 km and 

an altitude of 90 - 110 km.

The payload attitude control system failed in flight approximately 172 seconds after 

launch with at least one argon jet valve in the open position. Indications are that the ACS 

continued to vent argon throughout the remainder of the flight resulting in significant 

disturbance of the local plasma environment. After ACS failure the payload maintained a 

yaw angle of 44 degrees with a coning angle of 7 degrees with respect to the vehicle 

trajectory' as shown in Figure 6.1. The payload rotated on its longitudinal axis 

approximately 4.75 revolutions per second. The "B" channel photometer high voltage 

system failed at approximately 204 seconds after launch. Failure of the ”B“ channel 

photometer had no apparent affect on the operation of the plasma probe.
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Figure 6.1 Actual probe attitude after ACS realign.

In spite of the ACS malfunction, the plasma probe continued to operate and was able to 

collect relative plasma density measurements that appear valid as required by the mission 

objectives, albeit with some degradation of accuracy and functionality.

Figure 6.2 depicts the raw current flow measurements in the main and secondary 

collectors from launch through loss of signal. The positive reference direction for 

collector current is from the collector to the plasma, a negative current value indicates a 

net ion collection and a positive current value indicates a net negative ion and electron 

collection (note that a different vertical scale is used on the first pane).
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Figure 6.2 HEX plasma probe raw data.
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6.1 Flight with the Probe Axis Aligned with Trajectory

Although the probe was designed to operate exclusively with the probe's longitudinal 

axis perpendicular to the trajectory, analysis of the probe current for that portion of the 

flight in which the probe's longitudinal axis is substantially aligned with the trajectory 

can provide a useful point o f reference for subsequent measurements.

Examining the subset of the flight data from approximately 110 s at an altitude of 

~90 km. where the probe first started detecting measurable ionization until the start of the 

ACS realignment at 163 s at an altitude of ~130 km. the probe's axis remained 

substantially parallel to the line of flight. Prior to Nihka ignition, the probe velocity 

ranged from ~1.2 km/s to —1.1 km/s. With this velocity being roughly equal to the 

expected average thermal velocity of 1.1 km/s of the ions, the probe's interaction with the 

ions can be modeled as a stationary collector immersed in a plasma in which the ions 

have a Maxwellian velocity distribution. The probe current-voltage relationship in this 

regime is given by equation 3.11. Applying this relationship to the probe current yields 

the ionization profile shown in Figure 6.3.

During this period, the ion density estimate increased steadily, reaching 4 x 104 cm° just 

prior to ACS realignment. It should be stressed that the probe was not designed for 

operation in this flight attitude so this is only a rough order of magnitude estimate of 

plasma density and not an exact measurement. The density measurement in this mode of 

operation is strongly dependent on both temperature and absolute bias (estimated at 

700 K and -0.75 V. respectively) assumed in the calculation. Neither of these parameters 

are precisely known and could vary widely from these assumptions.

From Nihka ignition at 135 seconds to Nihka burnout at 154 seconds, the current in both 

collectors increased significantly as depicted in Figure 6.2. This is likely the result of
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thermoelectric or electrochemical effects and is of little or no interest from the standpoint 

of the main scientific objectives and has been eliminated from the detailed plots in 

Figure 6.3.
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Figure 6.3 Plasma probe density measurements before ACS realign.

It is interesting to note the discontinuity observed at 158 seconds. Although the precise 

mechanism responsible for this anomaly has not been identified, it is almost certainly a 

result of the Nihka separation process and not related to the ambient plasma environment
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6.2 Density Measurement During ACS Realignment

At 164.5 seconds, the ACS commenced maneuvers to realign the probe longitudinal axis 

perpendicular to the velocity vector. Once the ACS realign procedure was initiated, the 

plasma probe collector current abruptly decreased (see Figure 6.3 at 163.5 seconds). This 

is presumably the result o f the exhaust gases (dry argon) from the maneuvering jets 

interfering with ion collection. This is especially apparent with the secondary collector, 

which is located directly adjacent to one of the argon jets (Figure 6.4).

Figure 6.4 Position of ACS nozzle relative to the secondary collector.
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At the start of the ACS realignment maneuver, the deviation from the desired yaw angle 

of 90 degrees was maximum, resulting in nearly continuous firing of the ACS jets for 

maximum thrust During this period, the local plasma environment was believed to be 

significantly altered by the firing of the argon jets and no meaningful plasma density 

measurements were possible. As the yaw angle began to approach the desired value, the 

amount of thrust required by the controller decreased and firing of the ACS jets became 

intermittent. Between pulses from the ACS jets, the plasma environment quickly 

returned to normal allowing plasma density' measurements to take place. The shaded 

areas on Figures 6.5 and 6.6 represent periods when at least one ACS jet was known to be 

firing. Outside of the shaded areas, current readings quickly return to expected values.

It should be noted that the desired probe yaw angle of 90 degrees with respect to the 

velocity vector was never achieved at any point during the flight, so the basic 

assumptions inherent in the plasma density measurements are only roughly approximated. 

An analytical solution for the instrument current/voltage relationship at an arbitrary yaw 

angle would be difficult if  not impossible to develop and is certainly beyond the scope of 

this thesis. The following analysis maintains the assumption of a yaw angle 

perpendicular to the line o f flight and consequently will likely under-estimate actual 

plasma density. For nominal conditions with the ACS jets not firing, a total collector 

current of approximately 3 jxA. as depicted in Figure 6.5. corresponds to an ion density' of 

approximately 7 x 104 cm':.

Examining the secondary collector current separately, assuming that the peak collector 

current occurs when the secondary collector has rotated to the center of the leading edge, 

there should be minimal distortion of the ion trajectories at the edges. Given these 

assumptions, the density at the peak secondary collector current of 800 nA as depicted in 

Figure 6.6 corresponds to a plasma density of 8.3 x 104 cm'5. The second trace on 

Figure 6.6 depicts the predicted positive component of the secondary collector using the
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ideal assumption of the payload oriented perpendicular to the velocity vector and the 

relative velocities of the ions as parallel in direction with uniform relative velocity. It is 

then a matter of simple geometry to calculate the component of the secondary collector 

normal to the velocity vector and for a given ion density, the current resulting from the 

ions swept up by this area To the extent that the ions do possess some random thermal 

velocity and are attracted by the positive bias of the collector, and the probe orientation 

deviates from perpendicular, the actual collector current will deviate from the ideal value 

predicted in this manner. The deviation between the two traces indicates the extent that 

the collector current deviated from the model of a probe collector moving perpendicularly 

through a population of zero temperature, stationary positive ions.

1000

Collector Current - Normal Flight

0 -
toQ. ffl
E -100019 ©
c  -2000 -
to

-3000

-4000

Time(s)

 Tota l Main Secondary

Figure 6.5 Collector current before ACS failure
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Secondary Collector Current

Figure 6.6 Secondaiy collector current; measured vs. predicted.

6.3 Ion Density Measurement After ACS Failure

After ACS failure, current from both main (low-gain) and secondary (auroral) collectors 

dropped to near zero when the secondary collector was facing forward. This is consistent 

with the assumption that the ACS jet located directly adjacent to the secondary collector 

failed in the open position. The main collector current briefly recovers to roughly the pre

failure current in the opposite orientation (Figure 6.7), that is. when the presumably failed 

ACS jet points directly away from the direction of motion. This basic pattern continues 

for the remainder of the flight except that the secondary collector current recovers 

somewhat as argon tank pressure decreases (not shown on detailed plots). Figure 6.7 

illustrates that when the secondary collector current (labeled "‘Measured”) is projected 

after the point of ACS failure (labeled ‘‘Predicted”), both the primary and secondary 

collector currents drop to near zero precisely when the secondary collector (and the failed 

ACS jet) were oriented in the direction motion of the payload.
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Figure 6.7 Probe current after ACS failure.

Using the assumption that the main collector peak current in each probe rotation cycle 

corresponds to a measurement of an ambient plasma largely undisturbed by the failed 

ACS jet. a trend of ion densities can be approximated by connecting these peak currents. 

Figure 6.8 depicts the approximate ion concentration from the point that the ACS failed 

through loss of signal. Detailed analysis of the scientific data from the HEX plasma 

probe is beyond the scope of this thesis and will be incorporated in later HEX project 

publications.
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Ion Density
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Figure 6.8 Relative plasma density in the vicinity of an auroral arc.

6.4 High Energy Auroral Electrons

As the probe travels through the ionosphere sweeping up ions, the wake behind the probe 

becomes substantially depleted of ions. As the probe's rotation carries the secondary 

collector into the wake, it becomes isolated from the positive ions and thermal electrons 

and the current approaches zero. As the probe enters an auroral arc it encounters high 

energy' secondary auroral electrons with energies from a few tens of eV to several keV. 

These auroral electrons have sufficient energy that, unlike the ambient thermal electrons, 

can transit the probe's wake and impact the secondary collector. The measured secondary 

collector current within the auroral arc varies around 40 pA cm'2 (Figure 6.9): however, 

without some knowledge of electron energy distribution only a relative density 

measurement is possible.
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Figure 6.9 Measured auroral electron flux.

6.5 Test Bias Sweep

A secondaiy objective of the HEX plasma probe was to perform a bias sweep test at the 

termination of the primary mission in order to help characterize the instrument 

current/voltage relationship. At 320 s after launch, the probe bias was reduced from 

-0.429 V to -0.09 V with the expectation that a net current dominated by ambient 

electrons would be collected by the secondaiy collector as it rotated through the wake 

area. As a result of continued venting of argon by the ACS jet adjacent to the secondaiy 

collector, this expected positive (as a result of net electron collection) current pulse did 

not occur. Detection of a spike in electron current is essential for proper sequencing of 

the programmed bias potential sweep sequence. Because there was no detectable 

collection of net electron current, the instrument was not able to determine the rotational 

position of the probe and consequently was unable to conduct the programmed bias 

sweep that was to take place with the secondaiy collector centered in the wake area. This 

remains an area for potential investigation on future missions of this type.
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The HEX plasma probe attempts to exploit the unique horizontal trajectory o f the HEX 

sounding rocket to resolve absolute plasma density as well as high energy electron 

measurements from an instrument traditionally used only as a simple indicator of relative 

plasma density'. In spite of an ACS failure resulting in an unanticipated payload flight 

attitude and contamination of the immediate plasma environment with argon thruster 

exhaust gases, experimental results are consistent with independent satellite plasma 

density measurements and with the anticipated presence of high-energy electrons within 

an auroral arc.

The HEX plasma probe design is more consistent with orbital spacecraft plasma 

instruments than what is typically used on sounding rocket experiments. Since the 

horizontal velocity of the HEX payload is a nominal 1/3 orbital velocity', is the “ion 

beam" model used for positive ions on orbital instruments still valid for the HEX plasma 

probe? Unfortunately, for a definitive answer it is necessary for the payload to achieve a 

yaw angle roughly perpendicular to the trajectory. Because of problems with the attitude 

control system, this attitude was never fully achieved during the HEX horizontal rocket 

flight. For the brief period where the ACS was functioning properly and the probe 

orientation approached perpendicular (3 0 -4 4  degree offset from perpendicular), the 

secondaiy collector current did not drop to zero as expected, but did decrease by a factor 

of 20 as it rotated from leading edge to trailing edge of the payload. In spite of the 

incorrect probe attitude and argon contamination, the secondary collector current agreed 

within 5% of the value expected from the “ion beam" model. These results support the 

hypothesis that the “ion beam” model of positive thermal ions in the E-region of the 

ionosphere provides a reasonable approximation of ion trajectory for probe velocities 

greater than 2.5 km/s for DC plasma probes using very low collector bias potentials and

7 Conclusions
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that this mode of operation can be exploited to generate reasonably accurate absolute 

plasma density measurements using simple, low cost DC plasma probes.

Plasma density measurements based on microwave absorption from polar orbiting 

satellites on the evening of the HEX rocket launch are consistent with the in-situ plasma 

density measurements of the HEX plasma probe. The satellite data provide an 

independent measure of ion density supporting the contention of this thesis that this type 

of instrument is capable o f absolute plasma density measurements and not just relative 

density estimates. Ambient plasma densities at high latitudes vary considerably over 

time. On the night of the HEX rocket launches, measured densities were approximately 

two orders of magnitude greater than predicted by the IRI [9] .[5]. The relatively large 

surface area of the HEX plasma probe collector electrodes was used mainly to provide a 

measurable collector current in plasma densities at the low end of the probability 

distribution. This condition was only met near the point of Loss Of Signal (LOS) at the 

extreme downrange end of the experiment. The probe did return valid data through LOS 

indicating that valid data were collected as the probe descended out of the ionosphere 

briefly transiting low-density plasmas at lower altitudes. These data are o f little interest 

to the primary science mission and at this writing have not been rigorously analyzed, but 

it appears that the probe operated properly, except for the affects o f the malfunctioning 

ACS. at plasma densities near the low end of its intended range.

As the probe penetrated the auroral arc at approximately 240 s into the flight, and until it 

exited the arc at approximately 290 s, the secondary collector detected positive current 

flow in the wake area consistent with the presence of auroral electrons (Figure 6.9). 

These data suggest that it is possible with the use of a segmented circumferential DC 

plasma probe collector to resolve the presence of a second population of high energy 

electrons in an otherwise ambient thermal plasma without the use of high voltage 

electrodes or elaborate collector configurations.
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It is interesting to compare the overall plasma density in Figure 6.8 with the high-energy 

electron concentration in Figure 6.9. Note that there is a second peak in the overall 

plasma density centered around 320 s; however, there is no corresponding peak in the 

high-energy electron concentration. Shortly before the HEX horizontal rocket was 

launched, a stable auroral arc was observed just north of the arc that is the subject of this 

investigation. Shortly before launch this early arc had faded considerably, and at the time 

it was transited by the HEX payload, was barely visible. Presumably, the elevated 

secondary electron densities from this earlier arc continued to persist for several minutes 

after dispersal of the auroral event that had created the increased ionization. However, 

the high-energy electrons had apparently reached an equilibrium energy less than the 

-0.8 V probe bias.

A major design challenge of the HEX plasma probe was to specify a negative bias for the 

collector sufficient to repel essentially all of the free electrons in the ambient thermal 

plasma without excessively distorting the near parallel trajectories o f the ion beam. 

Without real time knowledge of electron temperature, the collector bias must be set for 

worst case conditions to ensure adequate rejection of free electrons for all expected 

operating conditions. The design tradeoff that must be considered in setting the default 

probe bias is that increasing negative probe bias to guarantee electron rejection also 

disturbs the parallel trajectory of the ions (equation 3.7). degrading the overall accuracy 

of the plasma density measurements. An attempt was made near the end of the flight to 

modulate the probe negative bias potential in order to achieve the optimum bias value.

As previously noted, neither the positive ions nor free thermal electrons are able to access 

the portion of the collector that has rotated more than three Debye lengths into the probe's 

wake area. However, because the motion of the ions with respect to the probe is 

primarily parallel to the probe trajectory, and the electrons have a random, Maxwellian 

velocity distribution, the thermal electrons should penetrate further into the probe wake 

area than the ions. If the probe bias is reduced to the point where thermal electrons are no 

longer repelled as the secondary collector begins to rotate into the wake, the ion current
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should drop off before the electron current resulting in a brief reversal of current before 

the secondary electrode enters the area of the wake that has been fully depleted of both 

ion species. With the probe oriented just far enough into the wake to block positive ions, 

but not so deeply as to block all thermal electrons, it should be possible to modulate the 

probe bias so that it is just negative enough to reduce the electron current to undetectable 

levels. Unfortunately, the failed ACS jet continued to vent inert argon gas in the vicinity 

of the secondary collector throughout the later part o f the flight inhibiting electron 

collection. Since no electron current could be detected by the secondary collector during 

that portion of the flight, the optimization algorithm was unable to modulate the bias to 

determine the optimum value and this function could not be tested. Developing an 

effective method of real time optimization of probe bias remains a challenge to be 

addressed by subsequent designs.

The effect that exhaust gases (dry argon) from the ACS might have on ion collection was 

one of the unknowns going into the mission. Conflicting accounts suggested that firing 

of the maneuvering jets could enhance, inhibit or have negligible effect on plasma probe 

ion collection. Empirical data obtained during the flight and illustrated in Figures 6.5-6.7 

demonstrate that firing of the argon jets coincides with a significant decrease in collector 

current. It is apparent that exhaust from the maneuvering jets interferes significantly with 

proper operation of the plasma probe and on future missions of this type it would be 

prudent to locate the plasma instruments as far away from maneuvering thrusters as 

possible. Fortunately, the plasma measurements returned to normal almost immediately 

after the thrusters were turned off or were pointed away from the line of flight allowing 

nominal operation of the plasma probe intermittently throughout the flight sufficient to 

achieve its primary objectives.
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Appendix A 
HEX Plasma Probe Schematic Drawings

GO 104-02-01-0000 TITLE PAGE

GO 104-02-01-0100 HEX Plasma Probe Power Conditioning Unit - CPU Schematic

GO 104-02-01-0200 HEX Plasma Probe Control Module - CPU Schematic

GO 104-02-01-0201 HEX Plasma Probe Control Module - Telemetry Schematic

GO 104-02-01-0202 HEX Plasma Probe Control Module - ADC Schematic

GO 104-02-01-0203 HEX Plasma Probe Control Module -  Spares

GO 104-02-01-0300 HEX Plasma Probe Analog Module - Main Collector

Schematic

GO 104-02-01-0301 HEX Plasma Probe Analog Module - Secondary Collector

Schematic

GO 104-02-01-0302 HEX Plasma Probe Analog Module - Probe Bias Schematic

GO 104-02-01-0400 HEX Plasma Probe Cable and Interconnect Diagram
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Appendix B 
Collector Fabrication Detail

HEX Plasm a Probe 
Collector Fabrication Detail 

Release tor Construction 
10/ 10/02

<8>

'X

©

Machine 0.10" isolation 
strips each side of guard 
rings. Chamfer all copper 

cuts 45 degrees.

#10 S S  machine 
screw, typ. 
Countersink. Machine 
guard rings per detail 
page 3. Machine 
shop to locate.

Probe electrode exterior 
;lectrical connections 
electrically bonded to 
exterior electrode. Locate 
within 2“ of end of electrode 
. primary and secondary 
collectors on top end 
(toward no se  cone). Follow 
detail for electrical 
connections page 3.

Install copper met. 
Finish with high 
temperature solder 
top and bottom

Guard Rings Collector Electrode

Hex Plasm a probe collector electrode detail. Flexible laminate 
attached within groove milled into vehicle skin. Mill copper cladding 

per detail on top side of 0.125 laminates. Machine 0.1 CT isolation 
strip on outside edge of all laminates, top and bottom. Milling 

operation shall remove all copper cladding in cut area and remoie not 
more than 0.005“ underlaying laminate.

P ag e  1 Of 5
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HEX P lasm a Probe 
Collector Fabrication Detail 

R elease for Construction 
10/ 10/02

End View 
(Not to scale)

Laminate End 
Machineing Detail

Note:
Bevel a t cuts 45 degrees nominal 
on top surface of 0.134" laminate. Cuts 
on other surfaces may be square 
edged or beveled.

A l cuts shal remove an copper 
cladding from  c u t Confirm visually and 
e lectricaly. Cut shall remove a l 
traces of copper cladding but sh a l not 
degrade the underlying dielectric. Cuts 
may not remove more than 0.005" of 
the original dielectric material.

Q.OI-

1.0"

I

Laminate End 
Machineing Detail

s.ooo-

P ag e  3 Of 5
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HEX Plasma Probe 
Collector Fabrication: Fastener Detail 

Release for Construction 
10/10/02

Edge View (Not to scale)

Mechanical Connection

0-25" Normal 
Isolation Banos 

(Typical)

Tm contact surfaces pnor to final 
assembly. Apply solder bead after 
mechanical connections are secure. 

Use 90/10 high temp solder.

Copper Clad Lamnate

Apply Epoxy between 
layers at final assembly

Electrical Connection
Page 4  Of 5
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HEX Plasm a Probe 
Final Assembly 

Release tor Construction 10/10/02

End View (Not to scale)

1) Cut outer layer secondary collector laminate to specified length (Nominal 6" dimension). Cut depth 8.000” 
+O.OOCT -0.010”
2) Cut primary outer collector laminate to specified 8” wiidth +0.000” -0.010”. Leave length (48") a s  supplied 
fiormendor
3) Mill 0.10" isolation strips on all final cut edges per detail on page 3.
4) Mill 0.10” guard ring isolation bands outer surface only per detail on pages 2 & 3
5) Locate and drill tastener pilot holes in outer laminate. Machine isolation rings tor fasteners per page A.
Machine shop to specify and provide standard mechanical fasteners and festener spacing subject to engineering 
approval. Engineering to  provide Beleville w ashers and electrical connection hardware.
6) Ship outer collector to American Electroplating tor gold finsih.
7) Red eve finsihed outer collector and instrument skin section
8) Trim laminates to fit skin section. Machine 0.10" isolation strip on final cut edges.
9) Cut inner laminate for primary and secondary collectors to match outer laminate and to fit skin section. Locate 
and mill tastener isolation rings in inner laminate (NOTE: do not machine guard rings in inner laminate)
10) Fabricate plate through holes to  connect outer laminatae guard rings to outer laminate inner calding. Solder 
top to bottom jumper wire in place.
11) Bend collectors to fit skin section per Rogers. Inc. recommended bending procedue.
12) Using outer laminate a s  a  tern pate, drill laminate and skin section for fasteners.
13) Dry fit entire assembly. Verify electrical isolation / connectiwty.
14) Apply epoxy as spedfied. Machine shop to  specify epoxy fiormuiation. engineering to  approve.
15) Assemble all components, clamp, re-verify electncal isolation/connectivity. Allow to cure. Re-verify 
connections.
16) Apply high temperature RTV to fill any gaps between laminate and skin section.
17) Solder electrical connections a s  specified.

Page 5 Of 5
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Appendix C 
Pre-Launch Checklist

Plasma Probe Pre-Launch Procedure

1) Plug in RS422/RS232 converter. Start HEXGSE
2) Wait until instrument is powered up.
3) Select Status Display from main menu
4) Wait until "First Pass" changes from “Yes" to “No"

5) From Control Menu as quickly as possible select:
a) 7 -  Enable/Disable Programmable bias (Enables HC11 I/O)
b) 3 -  Enable/Disable Bias Adjust test (Enables bias sweep at 320 seconds after 

launch)
c) At exactly T=9:00 T  -  Initiate relay test sequence. Wait 15 seconds. 

Switches to main menu

d) Confirm bias and all three serial channels show series of steps at telemetry 
strip chart

e) Confirm real time telemetry of serial channels near 8000 and active and bias at 
0.43V

6) From main menu, select 2 -  Status display. Confirm:
a) Mode = Ready
b) Bias Source = HC11
c) Bias Test = ON
d) Memory and Stack diagnostics OK

7) Switch to Analog data screen (1)
a) Confirm all three channels alive and mostly between 0 and 10.
b) Confirm bias = 84

8) Switch back to Control Menu
a) 1 - Change mode to NORMAL

9) Switch to Analog screen (1)
a) Confirm all three analogs returned to near zero and are active
b) Confirm bias = 84

10) Switch to Status Screen (2)
a) Confirm NORMAL Mode

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



151

b) Confirm approximately 10-20 cycles per clock tick
c) Confirm other parameters from step 6

11) Switch to Control Menu
a) 8 -  Start Launch Detect Watchdog
b) Confirm NORMAL Mode and count updating
c) Wait for Launch
d) If no launch, abort launch mode detect
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