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ABSTRACT 

A balloon-borne instrument has been developed for the purpose of 

making fair weather atmospheric electrical measurements. The instrument* 

named Balloon Electrical Environment Profiling System (BEEPS), is similar 

in principle to balloons flown previously into thunderstorms by our group 

at Rice. It has the capability of measuring the height profiles of the 

vector electric field, the vertical component of the conduction current, 

and the polar conductivities. 

The balloon is designed to make measurements up through the lower 

' polar stratosphere (14 km), and the first two flights of BEEPS were made 

from Barrow, Alaska, (71° N, 157*W) in conjunction with a solar magnetic 

sector boundary crossing, with a flight on either side of the boundary. 

These flights are part of an effort to measure the electrical response 

of the atmosphere, as a function of altitude, to the solar sector 

structure. Knowledge gained from flights such as these may prove valu¬ 

able to developing an understanding of the role atmospheric electricity 

may play in those aspects of the sun-weather problem that involve the 

solar sector structure. 
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CHAPTER 1 

INTRODUCTION 

1*0 Twofold Nature of this Experiment 

The experiment conducted with the instrument described in this 

thesis has a dual purpose. On the one hand, the experiment is of 

interest from the viewpoint of pure fair weather atmospheric elec¬ 

tricity. Two height profiles of the atmosphere’s electric field, con¬ 

duction current, and conductivity will be measured, and they will be 

measured with a newly developed instrument, a Balloon Electrical Envi¬ 

ronment Profiling System (BEEPS). Furthermore, the profiles will be 

measured north of the Arctic Circle, a region of the globe where devia¬ 

tions from the classical model of atmospheric electricity due to iono¬ 

spheric .or magneto spheric influences are more likely than in most other 

regions. 

On the other hand, the experiment is relevant to the interdisci¬ 

plinary problem of sun-weather relations. Correlations between solar 

activity and terrestrial weather have been established. Likewise, cor¬ 

relations between solar activity and atmospheric electricity have been 

established. This leads to the suggestion that atmospheric electricity 

may be a link in an as yet unspecified causal chain connecting solar 

activity to the weather. 

In particular, this experiment involves a case study to determine 

the electrical response of the atmosphere, as a function of height, to 

a solar magnetic sector boundary crossing. The results from just one 

such study can hardly be expected to tell the whole story about the 
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subtle and perhaps small effects likely to be involved, but it is 

believed that this is a step in the right direction, 

1*1 Previous Fair Weather Measurements 

Previous fair weather atmospheric electrical measurements have 

established the existence of a downward directed electric field the 

magnitude of which decreases approximately exponentially with height 

in conjunction with an exponentially increasing conductivity and con¬ 

stant conduction current. The ultimate source of this current is 

widely recognized to be the dynamical and microphysical processes asso¬ 

ciated with thunderstorms, even though the details of these charging 

processes may not be well .understood. The primary source of the con¬ 

ducting ions is cosmic rays. This view of fair weather atmospheric 

electricity, consisting of a vertical field existing between the 

"plates" of a spherical capacitor formed by the highly conducting upper 

regions of the atmosphere (~60 km) and the earth's surface, is called 

the "classical picture," Even though deviations from it no doubt exist, 

it is a useful model. 

Most techniques used for making electric field measurements in the 

atmosphere fall into one of two main categories. The first involves 

the use of field mills carried aloft by balloons (H&takayema et, al, 

(1958), Jones et, al, (1959)) and airplanes (Clark (1957))* In these 

instruments, one or more conductors are periodically exposed to the 

field and then shielded, and the flow of induced charge onto and off of 

these conductors is measured. The second class of measurements employ 

separated probes each of which comes to the potential of the air in its 
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immediate vicinity. The potential difference between the probes is 

measured and divided by the distance, or effective distance, between 

the probes to yield the potential gradient. To ensure that the probes 

are at the air potential, the conductivity of the air adjacent to the 

probes is usually enhanced by coating the probes with a radioactive 

substance. These radioactive probes have been flown on balloons 

(Stergis et, al* (1957)* Venkiteshwaran et, al. (1962)) and airplanes 

(Markson (1976)), 

A survey of the literature indicates that, practically without 

exception, conductivity measurements aloft have been made using cylin¬ 

drical Gerdien condensers (Gerdien (1905))* The» may be operated in 

either one of two ways. In both cases there is air flowing through the 

condenser. In one mode, a constant voltage is applied across the con¬ 

denser, and the current collected at one plate divided by the voltage 

is proportional to one of the polar conductivities. In the other mode, 

a voltage is initially applied across the plates and allowed to decay. 

The time constant for the exponential decay is inversely proportional 

to the conductivity. The earlier measurements were made from manned 

balloons (Wigand (191*0, Gish (1939))» Later measurements have been 

made from unmanned balloons (Venkiteshwaran et, al. (1953)* Stergis et. 

al. (1955)* Woessner et. al. (1958)), airplanes (Callahan et. al. (1951)» 

Coroniti et. al. (1952), Kraakevik (1958)), and a rocket (Bourdeau et. 

al. (1959)). 

The conduction current, since it is difficult to measure directly, 

has sometimes been measured indirectly. Simultaneous values for the 

field and conductivity were obtained, and the current was calculated 

from these (Everling and Wigand (1921), Kraakevik (1961)). Direct 



measurements of current in the atmosphere have been made using a tech¬ 

nique suggested by Kasemir (i960). A vertically oriented, conducting 

rod is used to collect the current and the current through this rod is 

measured. This instrument has been flown on balloons (Uchikawa (1966 

and 1969), Olson (1971)» Cobb (1977 and 1978)). 

1.2 Sun-Vfeather Relations 

Over the past decade or so, there has been renewed interest in 

possibilities that the variable component of the solar output may sig¬ 

nificantly affect terrestrial weather, and on different time scales. 

On the short term, there has been the work of MacDonald and 

Roberts (i960 and 1961) and Roberts and Olson (1973a and 1973b) on 

correlations between geomagnetic activity and the intensity of troughs 

first identified in the Gulf of Alaska region. Also on the time scale 

of days are the correlations reported by Wilcox and his coworkers 

(1973) concerning the response of a hemispheric version of Roberts and 

Olson's vorticity area index to the solar magnetic sector structure• 

On the much longer time scale of centuries and longer, there is 

the work of Eddy (1976) correlating changes in the level of solar 

activity with climatic variations. 

And on an intermediate time scale of tens of years, there has been 

Mitchell's (to be published) correlation of drought in the western 

United States with the sunspot cycle. 

These are but a small fraction of the numerous correlations that 

have been reported, and commensurate with, the abundance of such cor¬ 

relations is the dearth of mechanisms proposed to explain them. This 

lack of viable physical mechanisms has fueled debate over the signifi- 
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cance of the correlations, most notably by Fittock (1978). 

In initiating the search for mechanisms, one is immediately 

struck by the largeness of the energies involved in the weather pro¬ 

cesses and the smallness of the variations in solar output (at least 

for the short term correlations), as shown by Dessler (1975) and 

Willis (1978). This suggests that perhaps there may be subtle low 

energy processes occurring which act as triggers to control or unleash 

much more energetic processes. 

Atmospheric electrical processes have been suggested as candidates 

to fill this role. The feasibility of this is based in part on the 

apparent, though not yet well enough understood, fact that the lower 

atmosphere where the weather occurs is electrically coupled to the 

upper atmosphere where the effects of solar variability are already 

known to be quite large. 

This feasibility is further bolstered by correlations that exist 

between solar activity and atmospheric electricity. Cobb (1967 and 

1978) and Reiter (1971 and. 1972) have found responses of atmospheric 

electrical parameters to solar flares. Park (1976) and Reiter (1977) 

have presented evidence for variations in electrical parameters being 

tied to the solar magnetic sector structure. Markson (1971) had pre¬ 

viously reported a correlation of thunderstorm activity with the same 

sector structure. Likewise, D'Angelo (1976) found a response of the 

polar cap ionospheric electric field to the sector structure. 

Also, mechanisms for sun-weather coupling have been proposed 

which use electrical processes as vital links, principally by Markson 

(1978), and also by Herman and Goldberg (1978). At present, these 

mechanisms must be regarded as a bit speculative, nonetheless such 
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ideas are sorely needed in the field of sun-weather research. The 

remedy for this speculative aspect lies in a better understanding of 

the electrical coupling between the upper and lower atmosphere and in 

a better under standing of electrical processes in the lower atmosphere 

itself, and it is in this spirit that BEEPS has been developed. 



CHAPTER 2 

MEASUREMENT OF ELECTRIC FIELD AND CURRENT 

2*0 Description of Balloon and Principles of Measurement 

As far as the measurement of the electric field is concerned, 

BEEPS is identical in principle to the Balloon Electric Field Sensors 

(BEFS) flown previously into thunderstorms by our group at Rice 

(Christian (1975 and 1976), Christian and Few (1976), Weber (1978), 

and Few, Weber, and Christian (1978))* Although identical in prin¬ 

ciple, the measuring electronics had to be redesigned to accommodate 

the much smaller (by a factor of ~1(P) fields that would be measured 

in fair weather. Also, a conductivity sensor has been designed and 

added to the balloon package. 

The BEEPS balloon is a 4.1 meter diameter spherical super pres¬ 

sure balloon fabricated from 1 rail mylar, the outer surface of which 

is aluminized so that it is electrically conductive. The electric 

field sensors and the conduction current sensors are one and the same 

and consist of circular regions on the surface of the balloon itself 

that are electrically isolated from the rest of the balloon surface. 

There are seven such sensors on the balloon (Figure 2.1). Four are 

located with their centers equally spaced about the equator of the 

balloon. The diameter of each of these spans an arc of 45° which 

corresponds to 1.6 m on the balloon surface. Centered at each of the 

poles of the balloon is another sensor of the same size. In addition, 

there is a seventh sensor located with its center at a latitude of 45° 

and on a meridian which goes through the center of one of the equato- 
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Figure 2.1 Location of electric field-conduction current 
sensors, conductivity sensor, and spin paddles. Also 
shown is the S' coordinate system. 
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rial sensors. To allow some space (20 cm) between this sensor and its 

nearest neighbors, its diameter spans only 34° • corresponding to 1.2 m 

on the balloon surface. 

The electronics payload, to which each sensor is connected by a 

wire running along the inside surface of the balloon, is mounted inside 

the balloon at its bottom. The payload is roughly cylindrically shaped 

with a diameter of 35 cm and a height of 30 cm. It is mounted flush 

with the balloon surface so as not to disrupt the balloon* s spherical 

shape. 

The measuring electronics are such that all the sensors are held 

at the same potential as the rest of the balloon surface. This, to¬ 

gether with the fact that the balloon's diameter is small compared 

with the length scale for spatial variations of the electric field, 

gives the balloon the appearance, of a conducting sphere in the presence 

of a uniform electric field. Because of this simple geometry, the 

charge induced by the electric field on each sensor is given by a sim¬ 

ple expression and is in fact proportional to the component of the 

undistorted (by the balloon) electric field along the normal to the 

sensor surface at the sensor's center (Section 2.1). 

The balloon is forced to rotate about its polar axis as it rises 

by four spin paddles (15 cm x 30 cm, with the shorter side perpendicu¬ 

lar to the balloon surface) spaced about the equator of the balloon 

equidistant from adjacent equatorial sensors and oriented at 45° angles 

to the equator (Figure 2.1). In addition, the balloon undergoes a pen¬ 

dulum motion caused by the ~4 kg payload at the bottom. 

The change in balloon orientation with respect to the electric 

field causes a redistribution of the induced charge on the balloon 
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surface. It is this redistribution of charge that is measured and 

interpreted to yield the vector electric field. In this respect, BEEPS 

functions in the same way as other, more conventional, field mills. 

What is measured is the variation of induced charge on a conductor 

whose exposure to the electric field is varied. 

The conduction current, since it is primarily vertical and since 

the balloon's polar axis stays nearly vertical, appears mainly as a 

current directed into one of the polar sensors and out the other. As 

such it appears as an offset on the otherwise periodic outputs from 

the polar sensors. (It is shown later that the current measured by 

each of the polar sensors is only about half the total current.) A 

horizontal conduction current appears as a periodic output on the equa¬ 

torial sensors superimposed on the periodic output due to the redistri¬ 

bution of induced charge from which, it may be separated provided the 

conductivity of the air is known* 

BEEPS has some advantages over other instruments used for making 

fair weather atmospheric electrical measurements aloft. The instrument 

is fully integrated with the lifting platform in a way that obviates 

the need for having, as with other measuring systems, a separate 

lifting device (balloon, airplane, or rocket) which has the potential 

for distorting the electric field at the sensors in a complicated and 

unknown way. These distortions may. be minimized or taken care of by 

calibration, but with. BEEPS' spherical, geometry the distortion is sim¬ 

ple, well-understood, and may be handled analytically. Furthermore, 

since BEEPS has the capability of. measuring all three of the Ohm's Law 

parameters rather than only one, as is more typically the case with 

other instruments, a consistency check may be made to test the validity 
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of the measured values* 

2*1 Induced Charge on Sensors and Current into Sensors 

The first step in a quantitative treatment of the operation of the 

sensors is to arrive at expressions for the induced charge on the sen¬ 

sors and the conduction current into the sensors as a function of the 

undistorted field and current, E and J, and a set of three angles used 

to specify the orientation of the balloon with respect to a fixed coor¬ 

dinate system* This fixed system is oriented with its 2-axis pointed 

upward and its y-axis pointed toward magnetic north* It is also con¬ 

venient to define a reference frame S' fixed with respect to the bal¬ 

loon as indicated in Figure 2*1. In this frame the electric field 

components are denoted E*', Ey', * 

The induced, charge density on the surface of the balloon is given 

by the well-known expression for the induced surface charge density, cr, 

on a spherical conductor in the presence of a uniform electric field: 

= 3e.En = 

Hère, EJJ is the component of E along the outward normal to the balloon 

surface at the point where <y is evaluated and 'i is the angle between 

that normal and the field* 

The desired expression for the total induced charge on a particu¬ 

lar sensor may be obtained by first expressing o* in terms of Ex, Ey, 

Ez, the balloon orientation angles, and the coordinates in S* of the 

points on the surface at which o' is evaluated, and by then integrating 

that expression for o' over the sensor. 
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Because the sensor is circular, the integration may be performed 

first. The total induced charge on the sensor is given by 

sensor 

where dA is an element of sensor surface area. For the purpose of 

doing this integration, a coordinate system may be defined with its 

origin at the center of the balloon, with its z-axis going through the 

center of the sensor, and with its x- and y-axes defined so that Ey is 

zero. If Vo is the polar angle of the field, 6 and <f> are the usual co¬ 

latitude and azimuth angles, and Y\ (6,4^ is the outward normal, 

O’M 

— 3e0E [_* + £ cos 
cos. ^ * ys\vvk v 

If R is the balloon radius and r is the sensor radius as measured on 

the balloon surface, £_ 
ZTT R 

Q = 3e&E JsmB cos^siw^-v cosô cos^Jsivvk 

Q - (3e0E cos (irR^sir?-^ j 

Q = O*0 F\çÇ£ 

TL V 
The quantity may be considered the effective area of 

the sensor since it multiplies the charge density at the sensor*s cen¬ 

ter, o*0, to yield the sensor's total charge. The value of having cir¬ 

cular sensors or sensors of other simple shapes, as in Christian (1975)» 

is that the effective area is a constant and not a function of the sen¬ 

sors orientation with respect to the field direction. 
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The charge on the equatorial sensor centered on the -fx'-axis is 

given by 

Q+x* —- 

with similar expressions for the other equatorial and polar sensors. 

For the sensor at 45° latitude, 

_ E*?*^*' /N' 

Qw* “ ^e° 

I* *VA® Q 

For the present balloons (R - 2.06 m; r = 81 cm, 6l cm; 45, 

34°): 

= l.H vnx 

The effective area Agff is more than eight times as large as that on 

the EEFS thunderstorm balloons, a factor of two because of increased 

balloon size, a factor of four because of increased angular span. The 

increase in sensor size is necessary to partially offset the three 

orders of magnitude drop in field strength from the thunderstorm 

environment to fair weather conditions. The increase in sensor size 

increases the total charge induced on the sensor which in turn yields 

an increase in signal strength. 

To complete the derivation of the expressions for induced charge 

it is necessary to express E* in terms of E and the three orientation 

angles. Any set of three independent angles may be used. The Euler 

angles ^,0,Ÿ (Goldstein (1950), p. 107) are such a set (Figure 2.2). 

E* is given by 
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h j 
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Z /// 

axis by cj> 

y 

•• y // 

 V 
ni 

y SMI 

' then S' 
S* • : rotation about x* ' *-axis by 0 

>S' s rotation about z*’-axis by 'Y 
(this latter rotation not shown) 

Figure 2.2 Euler angles 



where 
cos'ty casj> 

-COSÔ ■V COS6 COS, SW }f* 
SÎAT ViAÔ 

-sW^ cos^> 
- col e sin 

s\*Jb 

-S’lA’t s\A^> 
+• CDS© COS 4> c.os'ty’ 

- SIA.& oas<|> 

COS^ÎAÔ 

COSÔ / 
The resulting expression for induced charge on the +x* sensor is 

Q+*' “ 3€oAeÇç ItosTcos^-cosOsvA^sm^Éx 

4-[cos'Vs +• co>s6 cos<t> sbC'V'Q By 
4 \ & VA'IT STWôJ E*j ^ 

In the free atmosphere the conduction current is given by 

7 - XE 
where A is the conductivity of the air. However, in the vicinity of an 

object such as BEEPS, the electrode effect is encountered. Since the 

current carriers do not leave the balloon surface, the current immedi¬ 

ately above the surface is carried by ions of one sign only, namely, of 

that sign opposite to the sign of the balloon's surface charge (Figure 
\ 

2.3)* This results in a reduction of the conductivity in the region 

just outside the balloon, and the actual current there, J^t £)• is 

given by 

Xt E as£ 

where ^-tis whichever of the polar conductivities, ^ or X-, is appro¬ 

priate and Eæt 1) is the actual electric field just outside the 
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Figure 2*3 Diagram showing current into sensor from 
layer of air just above the sensor surface* 
Here, o' is the induced charge density and 
-I is the current from the air into the sen¬ 
sor* The current at the surface is due to 
the positive ions only* 
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balloon that includes the distortion introduced by the balloon's pres¬ 

ence: 

Since o' is defined as the induced charge density, this assumes the 

balloon surface has no net charge. 

It is evident from Figure 2.3 that a layer of net charge density 

will form in the air just above the balloon surface, if that parcel of 

air remains in contact with the balloon surface for any length of time. 

This electrode layer would disturb the measurement of E and J if it 

were of sufficient magnitude. However, for an object the size of BEEPS, 

the airflow past the balloon as a result of its upward motion is fast 

enough when compared to the ion drift velocity to render the effect of 

the electrode layer insignificant, as shown in Appendix I. 

Before writing expressions for the net conduction current into the 

sensors it is simplest to assume that conditions are sufficiently ideal 

that the current just above the sensor surface is given by Ohm's Law 

with a conductivity that is unaffected by the presence of the balloon 

except for the above-mentioned reduction due to there being current car¬ 

riers of one sign only. That is, the X4 in the above expression for 

is the same polar conductivity that would be found in the free air. 

This will be the case if the air flow is laminar, and it may or may not 

be the case for turbulent flow, as discussed in Appendix II. 

Substituting for E-^, the expression for becomes 

XtV - 3 X +. HA ^ ~ X.t ^ 

Here, Jn+=\En and- Jn-= AJBJJ are the components of J+ and along the 
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normal to the balloon* where J+=X+E and are the components of 

the atmospheric conduction current J due to positive and negative ions: 

— 3V J>~ J- — (.^ ■v ^ ^ ~ ^ ^ ~ 

The total current into the sensor from the air, -I, as defined in 

Figure 2.3» is given by 

- X = “ ^ ^ 

1= $37». A& ^ J 3 3*^ ^ 
OMI Tt<'oVvi 

M>VA\ tf >0 O 

In carrying the derivation past this point, simplicity and clarity are 

best served by assuming Continuing, 

x = | J suv - ^ ] eJ* 
%*y£or 

x - \ iw ~ ^c 

For the sensor centered on the +x,-a3ds, 

3 
!„■ = T ^ 

And since J* = A*J , 

I., = \ M T* 

* tcoS'Ys'^ + oss© 4-&rC\\ ^ t [sî*Y«t W.&7 v/* XJ 

Up to this point, it has been assumed that the net charge, QJJ, on 

the balloon is zero. If it is not zero, the expression for total 

*This assumption will restrict the validity of results derived from it 
to the extent that it is approximate. The principle result to be de¬ 
rived is the smallness of the AC conduction current signals in compari¬ 
son to the induced charge signals. The analysis of the DC currents 
flowing into the polar sensors does not depend critically on this 
assumption being exactly true (Section 2.3). 
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charge on a sensor becomes 

QT = O + 

where * 

f\ = rrrfC (l“ coS T ) 

is the area of the sensor and, as before, Q is the induced charge on 

the sensor* This turns out not to affect the measurement of E, basi¬ 

cally because the net charge component does not need to redistribute 

itself as the balloon orientation changes and so is not detected by the 

measuring electronics* On the other, hand, a net charge on the balloon 

would change the dependence of I on J and would complicate the data 

analysis for J. This case is treated in some detail for similar sen¬ 

sors in Burke and Few (1978), Such complications will need to be con¬ 

sidered during the analysis of BEEPS data but may be omitted from the 

present discussion* Briefly, however, it may be remarked that the 

measurement of total conduction current is not affected as much as the 

measurement of J+ and Since J is nearly vertical and directed down¬ 

ward, the magnitude of the current just outside the top of the balloon 
Q |4 

is decreased by an amount 7\+^^\(for QJJ positive and not so large 

that the field is reversed), while the current just outside the bottom 

of the balloon is increased by an amount so that the sum is 

changed by an amount (?\ • Since X.are usually not 

too different, the effect of QJJ on the measurement of the total con¬ 

duction current is mads small by combining the outputs of the two polar 

sensors* 

In the absence of net charge on the balloon, then, and for 
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suitably ideal currents from the air into the sensor* the equations 

(2.1) and (2.2) for Q+xi and I+Xi in terms of E, J, &, andY”, along 

with similar equations for the other sensors, may be used to solve for 

E and J. It remains to give expressions for <f>, 0, and'f' in terms of 

the orientation sensor measurements (Section 2.2) and for the Q’s and 

I's in terms of the charge amplifier outputs (Section 2.3)* 

2.2 Orientation Angles 

The orientation sensors include two Hall effect magnetometers that 

measure the components of the geomagnetic field B along their axes and 

also two pendulum pot inclinometers that measure rotations about their 

axes. The orientation sensors are aligned with the x’- and y*-axe3, as 

shown in Figure 2.4. Hie magnetometers measure Bx» = B cosX and Byi « 

B cos Y» The inclinometers measure the angles u andp, where <* is the 

angle between z* and the projection of z onto the y *z'-plane, ard where 

jS is the angle between z* and the projection of z onto the x’z'-plane. 

The angles are positive for positive rotations about the +x'- and +y*- 

axes. Expressions for <f, ôr and Ÿ in terms of X» Y, <*"* p* and the mag¬ 

netic dip angle D appear in Weber (1978). The angles are restricted so 

that 0*4><2V# 0465? , and o±V<zrr. 

-Ç<=<<o 

TT 
o<Yi\ or sx i-f £X«<^ 

\-g^oL 

COS'Y 
■■Votfv 0 
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+ X' 

{3- iwcWoxxvetav 

Figure 2.4 Alignment of the orientation sensors 
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cos X sWV f oasYtot'y 

COIÔ cos D 

CJOSX C*>SV ~ CJQS^T.S'HH'Ÿ 

Cos D 

2.3 Charge Amplifiers 

The induced charge Q and the conduction current I for each sensor 

are measured by a charge amplifier (Figure 2.5) which consists of an 

operational amplifier with its noninverting input tied to circuit com¬ 

mon (non-sensor balloon surface) and with a resistor Rp and capacitor 

Cp in parallel in the feedback loop to the inverting input which is 

connected to the sensor. The values of Rp and Cp are chosen so that 

their time constant multiplied by 27T is much longer than periods 

expected in the frequency spectrum Qu of Q(t): 

Q{±) - \ dci 

Neglecting, as usual, the op amp1s input bias current and offset 

voltage, the total current into the charge amp is given in terms of the 

output voltage V by 

-VAo\ 
v_ 

-V o. p 
<kt 

The charge amp's response for single Fourier components of induced 

charge and conduction current, elurt and is given by 

-iuifc 
Iu eJ" - e. 

- jcjt - VcoCp^e.’ 

! + 
•) bj't 

Since the Fourier components of the induced charge and conduction 
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Figure 2.5 Schematic of charge amplifier and sensor 
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current will in fact be in phase for BEEPS (both reach their peaks when 

the corresponding Fourier component of En for that sensor's center 

reaches its peak), the complex Qw and may be written in terms of the 

real and as 

Qu> 
t 

This allows simplification of the above expression for the output volt¬ 

age to -v. 

\JL^ = (xx ' £§) ('* (?■ 

where 

OïVA 

_J  

This essentially completes the theory of operation of the sensors. 

Equations like (2.1) and (2.2) relate Q and I for each sensor to the 

vector components of E and J, and equation (2.3) relates the Fourier 

components of Q and I to those of the charge amp output voltage. These 

may be combined to give a relation between output voltage and the com¬ 

ponents of E and J. The expressions for Q and I are of the form 

Q - -v P^Esj -v- 

x = à; ( + v ^ 
The corresponding equations for the different Fourier components can be 

substituted into (2.3) to give the solution for the dependence of the 

charge amp output voltage on the components of E and J for the case 

X^= A_ and in the absence of any net charge on the balloon and, of 



25 
course f any 

151 4 T - 

\»w= SC 

Fortunately, this solution permits a couple of simplifications» 

Since the balloon motion is primarily a rotation about the z’-axis 

coupled with a small nutation of that axis as it precesses about the 

vertical, the Q*s and I's are primarily mixtures of components at the 

rotation frequency u^and the nutation frequency along with DC com¬ 

ponents which are rather considerable for the polar sensors. This 

makes it convenient to split the integral in (2.4) into high (MRFCF»I) 

and low (M RF£-F«l ) frequency intervals for the purpose of making ap¬ 

proximations: 

Using u>- '» at altitudes indicated, gives for the ratio of 

the current term to the charge term in the expression for the charge 

amp output for a single frequency: 

Typically, for thunderstorm BEFS 

T-y ~ ~ H See T 

“T - - li&L 
‘ e> <-*30 

The latter corresponds to a j (ot»)x ~ .1% effect on the output voltage 

for this frequency component. This indicates that the current term may 
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be neglected for components at these higher frequencies 

yielding 

Mvt w = “cT e 

RçCp 

\L» wWpe. \ ^e_ 

C_r- 

This is illustrated by the flat portion of a Bode frequency response 

plot for a charge amp (Figure 2.6), 

If the current term were to be kept, the output for these higher 

frequencies would be given by . , , N 

„ 0 |ifc£ ,JSAL-^ 

K»Sc, 

0 \GJi 
— 

(i * l^T j Vs 

It is seen that the effect of the AC (as seen by the sensor) current 
*T" —■) (jj't is to increase the amplitude of and to introduce a phase shift 

in each Fourier component of the output voltage. This effect of the 

current may in principle be separated from the charge signal provided 

the conductivity is known. 

For the components with \u\MV*44l • the charge Q will not appear 

at the charge amp output (equation 2.3 and Figure 2.6), and the output 

due to the current I is given by 
p - ■> (uit - ^ u — ? + 

\l,t = 5 '\Ç 

\J* = 
For the total output then, 

\t 

-4u)è 

\J W Cc 
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Figure 2.6 Charge amplifier’s Bode frequency response 
plot for an AC signal with constant charge 
amplitude Q0 
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Since the horizontal component of the earth's fair weather elec¬ 

tric field is known to be much smaller than the vertical component over 

the range of altitudes of interest and in the absence of local genera¬ 

tor si 

G) *■ = 
The accompanying expression for the output voltage is 

This is a convenient point to bring forth an additional signal 

appearing at the charge amp output that has heretofore been neglected. 

It has been assumed that the tin» derivative of E is zero when evalu¬ 

ated in a frame moving with the translational velocity, v, of the bal- 

loon. However, even with the vertical motion of the balloon 

through the vertical gradient in the electric field gives rise to a 

significant time variation in E. This causes a polarization current to 

flow between the sensors so that BEEPS also detects the electric field 

gradient : 

Ip = 3éo AeW + 

Here, the change in Ej, = E cos due to the change in balloon orienta¬ 

tion is not included; neither are changes due to changes in the direc¬ 

tion of E. For practical purposes, the polarization current simplifies 

Ae<S ^7 

Since Ip should vary slowly compared to RpCp, the output due to the 
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electric field gradient, to a good approzimation, is just a DC offset 

Vp « IpRp. 

In the next approximation, this current may be incorporated as an 

additional source of time variation in the induced charge Q. Since 

E = Ez varies approximately exponentially with height, Q may be repre¬ 

sented by 

Q = (VjE, = ( Eye- * j 

where, for constant v « v2, t--— and H is the electric field scale 

height. For a single high frequency component, Ajyç , such a 

charge signal produces an output 

v - ^ (i- 

where 

\j r in, Rç (i- ^ (i - Tjçérss) 

C, ."ty-c » ^5* 

The effect of the electric field gradient is insignificant for the com¬ 

ponents with \w\^Cr» I since the term in which T appears is already 

negligible. The correction to the polarization current term due to 

nonzero is on the order of 3#» 

Equation (2.5) becon»s 

VW — CF 

•V 
VEa 

Other than for the assumptions that E * Ez * Ez e 
-V-c 

and 
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A. ^, this equation is approximate to the extent that contributions 

from I at high frequencies are neglected and to the. extent that, there 

may be medium ( Mi\Pc,= ~ 1 ) frequency components. The former constitutes 

an error of <.2 $, as shown earlier, while error due to the latter is 

unknown without a detailed analysis of the balloon motion. Even if the 

cosines and sines of <j>9 6, and Ÿ were each to vary sinusoidally in time 

at angular frequencies , it is clear that mixing would produce 

lower frequency components. A simplified analysis of this effect assum¬ 

ing £=• Ÿ = U(,i and assuming 6 to vary as Ô cos with 

00= 20* and 0= 4°, which is typical of EEFS* motion, indicates that 

the lower frequency components, namely at |^<r ^1 , # and. 

have amplitudes amounting to about 5 - 10 $ of the high frequency com¬ 

ponents. At any rate, Christian (1976) and Weber (1978) have found 

equations like (2.5) to be adequate for fitting calculated electric 

fields to the EEFS data. Therefore, the approximate expression (2.6) 

is certainly adequate for the purpose of choosing charge amp components 

(Section 2.4) and most likely also adequate for a first analysis of the 

data (Chapter 5)* 

2.4 Design Considerations 

To complete this chapter on the design of the E-J sensors it 

remains to discuss (i) the choice of Rp and Cp for each sensor, (ii) the 

post-amplifiers which follow the charge amps, (iii) characteristics of 

2As promised earlier, this assumption essentially enters only to permit 

the justification of the neglect of the high frequency conduction cur¬ 
rents. The Jz/2 in the second term may be replaced by J± for the anal¬ 

ysis of the polar sensor outputs, because ions of one sign only will be 
conducted into each of these sensors, except under conditions of ex¬ 
treme balloon charging. 
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the amplifiers themselves, and (iv) the dynamic range and sensitivity 

of the instrument. 

For the equatorial sensors, is small, so that for design pur¬ 

poses , 

V « ~ 3 e. Puffing ^5 ^ t 
CF CF 

where 6 is the amplitude (in radians) of the balloon wobble. Using 

typical values of Ez and , Cp may be chosen to adjust the amplitude 

of V to make it suitable for measurement by the amplifier and compati¬ 

ble with the data acquisition system (Chapter ^), The output V must 

be kept below 10 volts and is digitized with 5 mV resolution. Once Cp 

is chosen, the dynamic range of measurable fields for a single charge 

amp is limited to /0ltg v -2C& , The factor of 10 in the denominator 

is put in as a requirement of appreciable signal strength. Since 200 

is of the order of the expected variation in Ez, and since Cp is not 

chosen perfectly (since Ez and o*0are not known beforehand), it is 

necessary to increase the dynamic range through the use of post-ampli¬ 

fiers and by having different Cp's for different sensors. The equato¬ 

rial sensors are split into two pairs. The -x1 and -y* sensors have 

Cp = 6000 pF, and the +x* and +y> sensors have Cp » 51 pF, Once Cp is 

chosen, Rp may be chosen to set the frequency response (|4Mfi>l). 

For the polar sensors is appreciable and all terms in (2.6) 

must be kept. Again Cp is chosen to set the AC gain, but now Rp must 

be chosen not only to set the frequency response but also to set the DC 

gain. These requirements turn out to be a bit restrictive. To avoid 

clipping from the DC currents Rp must not be too big, and to maintain 

strong enough AC charge signals, Cp must not be too big, but at the 
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same time RpCp mast be large enough so that WP,PCp»j . Also, RpCp 

should be small enough so that the time response to the changing polari¬ 

zation current is good ( RPCfi«'cr )# Fortunately, it was possible to 

find suitable values» The 45° sensor charge amp design follows similar 

considerations• 

The charge amp components are summarized in Table 2.1. The ca¬ 

pacitors all have adequate insulation resistance RQ. 

To increase the range and sensitivity of BEEPS, a second, and in 

some cases a third, stage of amplification is employed following the 

charge amps, all outputs being telemetered. One of the post-amps is 

diagrammed in Figure 2.7. The voltage gain of this amp is given by 

p s _ V, ~ (" 0 * 
^ (.U 

as illustrated in a Bode plot (Figure 2.8). It is assumed that 

RpC V> RC >"> RJTCJP » RCj>. The circuit components are also chosen so 

that LORP-C-F << wRC for the dominant frequencies of balloon motion, 

so it is the flat central region of constant gain on the Bode plot 

which is important. The post-amps, as well as the charge amps, are 

calibrated so that it is not necessary to rely entirely on the approxi¬ 

mate expressions for the frequency dependent gain. 

For the early part of the flight, most of the post-amps will be 

clipped, but as they become unclipped with increasing altitude, their 

healthier signals may be used instead of the actual charge amp outputs, 

some of which will be quite small by the time float is obtained. With 

seven charge amps and eleven post-amps there is a tremendous amount of 

redundancy and overlap built into BEEPS which will be valuable in ana¬ 

lyzing the data and also in assessing the validity of the results 
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Table 2.1 

Charge amp components and post-amp gains 

Sensor CP 

+x,4y 51 pF ± 5 i 
-x,-y 6000 pF ± 5i 
+2,-2 240 pF ± 5i 

45° 680 pF + 5# 

KQ Rp> 

>10^1 1 x ÎO1^ ± 1036 

>10^^l 1 x ÎO1^ ± 10# 

5 X 10*§1 + zi* 
^o1^. 5 x îo1^ ± 10i 

2^RpCp post-amps 

314 sec x5, x5 

377 sec x4 

75 sec xlO, xlO 

214 sec x30 

♦For BEEPS 2, this uncertainty is 1 i 
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Figure 2.7 Post-amplifier 
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Figure 2*8 Post-anplifier's Bode frequency 
response plot for an AC signal 
with constant voltage amplitude 
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through an examination for consistency among the various outputs. 

Since the currents and charges to be measured are small, sensitive 

op amps are required for use in the charge amps. The requirements to 

be satisfied for an ideally operating charge amp are that the input 

bias current ig be much smaller than currents to be measured and that 

the input offset voltage VQS be much smaller than voltages expected at 

the output. For the amplifiers used in the more sensitive charge amps 

ig is typically 2 fA and guaranteed less than 5 fA, and by nulling the 

output with a trim pot VQS is less than the 5 mV maximum. These num¬ 

bers represent the ultimate limit on the dynamic range and sensitivity 

of BEEPS. An ig of 5 fA corresponds to a conduction current of 

A/IB^ and to a charge amplitude, at a period of four seconds, of 

3 x 10“15 C which corresponds to an Ez of 1 mV/m. A vos of 5 mV cor¬ 

responds to equally negligible uncertainties in the measured parameters. 

A more severe lower limit to the dynamic range of the instru¬ 

ment is imposed by the 5mV step size of the digitized signal. If 

it is arbitrarily assumed that a readily detectable signal must be 

10 times the step size, or 50 mV, the more sensitive equatorial sensors' 

second stage post-amps are capable of detecting an Ez of 30 mV/m if the 

wobble amplitude is (0) = ^ • The upper limit to the dynamic range for 

measurement of Ez is given by a 10 V signal on one of the polar charge 

amps. Again for a 4° wobble, this sensor is capable of detecting a 

45 kv/m field yielding a dynamic range for the measurement of Ez of 

1.5 x 10^. It should be noted that this dynamic range is dependent on 

the wobble amplitude and that it is only for Ez. A dynamic range may 

be defined for the much smaller horizontal components of E, but it would 

be further complicated by a dependence on Ez. 



CHAPTER 3 

MEASUREMENT OF CONDUCTIVITY 

3.0 Description of Sensor and Principles of Measurement 

The measurement of the polar conductivities A* is accomplished by 

the use of an aspirated parallel plate capacitor. A voltage is applied 

to one plate, the bias plate, and current from the air is collected at 

the other. The voltage is varied in discrete, equally spaced steps, 

and the slope of the resulting current vs. voltage curve gives 

The design and construction of the sensor are subject to several 

requirements which, when taken together, are rather demanding. It must 

be lightweight so as not to significantly affect the maximum attainable 

altitude, yet it must be sufficiently rigid so that microphonie cur¬ 

rents do not swamp the small currents to be measured. Also because the 

measured currents are small, there must be adequate insulation resis- 

tnace and/or adequate guarding of the sensing plate from the applied 

voltages. Furthermore, it must have a low profile and be suitably 

located, so that it will not distort the electrical conditions at the 

E-J sensors, but at the same time it must not be located too close to 

the balloon surface to guard against potential disturbances from the 

balloon*s electrode layer. 

The collecting plate is mounted on foam-core poster board to which 

is glued a thin insulating sheet (teflon or mylar) to which is glued a 

sheet of aluminum foil which serves as the collector. The bias plate 

is the same except for. the absence of the insulating sheet. The plate 

dimensions are 14 cm x 102 cm with a 2 cm separation. The capacitor is 
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hold together by eight nylon bolts around the perimeter with short sec¬ 

tions of polyethylene tubing serving as spacers between the plates. 

There are also nylon washers against the plates at each end of the 

pieces of tubing. These plastic standoffs are a potential site of 

charge buildup which could adversely affect the conductivity measure¬ 

ment* However, this appeared not to. be a problem in laboratory tests 

with the sensor. See Figure 3.1. 

In order to attain the high insulation resistance and/or shielding 

required for the measurement of the small currents and also to help 

minimize edge effects, a mm wide rectangular strip of foil was 

removed from the collecting plate leaving an actual collecting surface 

of 9 cm x 97 cm with a 2 cm wide shielding ring around it. The collec¬ 

ting surface is thereby removed from direct contact with the bolts and 

their washers through which flows a current which, though small by 

ordinary standards, is. more than enough to mask the current from the 

air* To further guard against this leakage current which was still 

able to penetrate to the collecting surface, the ends of the bolts 

within the 5 mm thick foam board and also the face of the washer 

against the shielding ring were painted with conducting paint and tied 

to circuit common, so that the leakage current would be intercepted. 

Also, an additional sheet of grounded aluminum foil is affixed to the 

back side (outside) of the collecting plate board to shield the sensor 

from the ambient field and to prevent it from acting just like one of 

the E-field sensors* 

Since the potential of the sensing plate differs from that of cir¬ 

cuit common by only the small offset voltage (~5 mV) of an operational 

amplifier (Section 3*3). and since the sensing surface is shielded from 
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Figure 3#1 Conductivity sensor 
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the voltage of the bias plate by grounded conductors, any leakage cur¬ 

rents to the sensing plate will be small even though the actual leakage 

resistance from the bias plate to the sensing plate is perhaps not as 

high as it could be. Furthermore, since the leakage currents from 

ground will be constant since the offset voltage is constant, they will 

not affect the slope of the I vs, V curve or the measured value of At, 

The current amplifier is mounted in a snail, thermally insulated 

box on the back side of the collecting plate so that the length of the 

input wire from the sensing plate can be kept as short and rigid as 

possible. The input wire is attached to the sensor and passes through 

a 7 mm diameter hole in the board and through a hole in the bottom of 

the amplifier box. 

The sensor is mounted 6-13 cm above the balloon surface on the 

upper hemisphere at a latitude of 40°-50° where the flow past the bal¬ 

loon is most likely to be laminar and also of sufficient magnitude to 

provide adequate ventilation of the sensor. Also, it is oriented at an 

angle to the latitude lines so that with the balloon rotation the flow 

is approximately parallel to the shorter of the two plate dimensions. 

The sensor is situated approximately equidistant from the E-J sensors 

so that any distortions to their measurements will be minimized. This 

distortion should be small since the height of the sensor above the 

surface is small compared to the distances, to the E-J sensors (20$). 

In addition, the sensor is oriented with its bias plate nearer the 

balloon's surface so that the balloon's electrode layer is less likely 

to reach the sensing plate (Appendix I), 



3*1 Theory of Measurement under Ideal Conditions 

The theory of the aspiration method for the measurement of conduc¬ 

tivity is treated in Taramet (1970). 

In the absence of turbulence and diffusion, the ion velocity v in 

in an aspirated sensor (Figure 3*2) is given in terms of its mobility k, 

V 
the fluid flow velocity u, and the uniform electric field E = — ; 

v - u. + U E- 

The flow surface for ions which just get captured at the end of the 

plate is indicated in Figure 3*2. There is no current ai* due to ions 

« I» 

of mobility k with charge density p across an element of this surface 

dS. 

0 = diXw = r nk (a + 

Integrating over this surface, 

o- pk 

^ Ui • AS = ^ 

where $ is the volume rate of fluid flow through the surface and C is 

the sensor's capacitance. It is assumed that the field is uniform 

k 
between the plates and zero outside and also that p is constant over 

the surface. 

A critical mobility may be defined in terms of the total volume 

flow rate through the capacitor Î. Setting 

__ 3L 

o C_\J 

-v 

key 
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Figure 3*2 Aspirated parallel plate conductivity sensor* The 

dashed line indicates a flow surface for ions of 

nobility k« This surface is perpendicular to the 
page. 
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For k * ko, a critical condition is reached. Ions of mobility k which 

enter the chamber adjacent to the bias plate are just barely captured 

at the end of the collector. 

Likewise, for ary mobility value, a critical voltage may be 

defined 

If V > Vot a saturation condition exists with respect to ions of 

mobility k. All such ions entering the chamber are collected and an 

increase in V yields no increase in current due to ions of mobility k. 

In order to prevent saturation for any ions, V must be kept below \ 

for the most mobile ions present in the air. 

The ideal I vs, V curve for ions of a single mobility is given in 

due to ions of mobility k. 

Therefore, the total current I+, including positive ions of all 

mobilities, also increases linearly from zero until the critical volt¬ 

age for the most mobile ions Vc is reached. 

When V reaches Vc, the I vs, V curve will start to flatten out as the 

most mobile ions become depleted and will continue to flatten out with 

Figure 3*3 and by 

where A is the area of the collecting plate and \ is the conductivity 

o 
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Figure 3.3 Ideal Ik vs. V curve for single ion mobility 
(solid line), and same, except for case of 
turbulence and diffusion (dashed, line)• 
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increasing V as ions with lesser mobilities become depleted also. A 

measurement of the slope of the 1+ vs. V curve in the linear region 

then constitutes a measurement of the polar conductivity At. 

3.2 Deviations from Ideal Conditions 

The deviations from ideal conditions are several, but their 

effects can be minimized. First of all, there may be the presence of 

diffusion and turbulence which complicate the ion trajectories and have 

the effect of "diluting" the air to be sampled with air that has been 

depleted of ions, as follows. For the case k 0 = k (V = V0 ), ideal ion 

trajectories are drawn in Figure 3.4a. Under ideal conditions, all ions 

of mobility k will be collected and no such ions will be found to the 

right of the upper-rightmost trajectory drawn. However, diffusion and 

turbulence will result in the transport of ions across this flow stir- 

face and the subsequent escape of ions that would have otherwise been 

captured. 

For the case k 0» k (V <.< V0 ) shown in Figure 3«4b, all ions 

below the lowermost trajectory will be captured under ideal conditions, 

and since appreciable gradients in ion number density should only occur 

in the vicinity of the uppermost trajectory above which there are no 

ions in the ideal case, there should be little net transport of ions by 

diffusion or turbulence across this lowermost trajectory. The col¬ 

lected current is therefore close to ideal. 

Similarly for the case k„« k (V » V0) shown in Figure 3«4c. 

Diffusion and turbulence will carry ions across the rightmost of the 

ideal flow surfaces, but since it is still a long way from this point 
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Figure 3.4 Ideal ion trajectories in an 
aspirated capacitor 
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to the end of the aspirated capacitor, almost all of these ions will 

still be collected, thereby once again closely approximating ideal 

conditions* The net effect of these three cases on the I-V carve is 

shown qualitatively in Figure 3*3» It is seen that if the bias voltage 

V is kept small there is little or no effect on the conductivity mea¬ 

surement. 

To get some quantitative estimate of how small V must be made in 

order to render these effects negligible, Tammet (1970) has solved for 

the case of complete mixing across the capacitor* That is, is a 

function only of distance in the direction of flow. This solution 

gives an upper limit to the distortions due to diffusion and turbulence. 

For a V of one-tenth the critical voltage for the most mobile ions, a 

5 error may be expected for the conductivity measurement, as an upper 

limit. 

As with the conduction current measurement by the E-J sensors, tur¬ 

bulence may have additional effects on the conductivity measurement 

(Appendix II). However, since the conductivity sensor is elevated 

above the balloon surface and possibly also above the balloon's turbu¬ 

lent boundary layer when it has one, which it will early in the flight, 

these effects are not likely to be as troublesome with the conductivity 

sensor* 

Edge effects are also a typical source of uncertainty in making 

measurements with aspirated collectors* Two edge effects may be dis¬ 

tinguished. One, if flow velocities are low and long inlet tubes are 

used for the air to be sampled, then fringing fields may result in the 

unwanted collection of ions by nonsensing conductors or the repulsion 

of ions away from the inlet and, in both cases, a concomitant reduction 
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in the measured conductivity. However, for the fast flow velocities 

expected with BEERS and with only the 2 cm wide rectangular shielding 

ring around the sensing plate for an "inlet tube", ion loss to the 

inlet is expected to be unimportant. More worrisome is the loss of 

ions to the balloon surface upwind of the sensor. To circumvent this 

effect, it is necessary that the sensor be mounted outside the bal¬ 

loon's electrode layer which should be on the order of a centimeter or 

two in the case of a laminar boundary layer (Appendix I) and a bit 

larger in the case of a turbulent one. The latter electrode layer, 

though larger, is correspondingly more "dilute". It is clear that the 

validity of the conductivity measurements rests partially on the char¬ 

acteristics of the flow past the balloon. To avoid duplication and 

since it will not have much impact on the design in light of other 

constraints, the discussion of this topic will be postponed to the time 

when the. results and their uncertainties are discussed. The same goes 

for the fringing field's repulsion of ions away from the inlet. 

A second edge effect involves the geometry of the bias field at 

the edges of the collector. For BEEPS, this geometry is kept nearly 

ideal by the shielding ring around the sensing plate, which, in addition 

to shielding the collector from the ambient field and leakage from the 

bias plate, also serves to make the field more uniform at the edge of 

the actual sensing surface* 

Space charge is also a potential threat to an accurate measurement 

of conductivity. Again, two effects may be distinguished. One, the 
jjtJ 

net charge changes the field at the collecting plate by an amount • 

This is usually small, but since it. remains constant as the bias volt¬ 

age is varied, it has no effect on the slope of the 1-V curve and is of 
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little consequence anyway, A second and larger effect involves the 

diffusion of this space charge to the collecting electrode. Again, 

even though the magnitude of such currents may approach the same order 

as that of the measured currents, they will not vary as V is varied, 

hence they will not affect the conductivity measurement either, 

3*3 Operating Conditions 

Once the design of the actual sensor is determined, it still 

remains to specify , the conditions under which it is to be operated, 

>Jhat voltages are to be applied, how many are to be applied, and for 

how long? Also, the current amplifier has to be designed. 

In view of the likelihood that there may be DC offset currents, it 

is obvious that at least two bias voltage levels must be used for the 

determination of the slope of the I-V curve. That, is, it can not be 

assumed that the curve goes through the origin- It would be the case 

that the more levels used the better, except for the fact that the sen¬ 

sor is to be carried upward by a swiftly rising balloon through a con¬ 

ductivity gradient, and if too much time is required to step through 

the voltages, the conductivity will change significantly during the 

measurement. However, it is probably safer to have the number of 

levels used be on the large side; because if the data is good and only 

two or three points are required to accurately determine the slope of 

the I-V curve, the experimenter has the option of using only two or 

three points; ana if the data is not so good a larger number of points 

is still available for a more accurate determination of the slope. 

For BEEPS, five voltages levels (including zero) are used for the 

measurement of each of the polar conductivities, which are measured 
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one after the other with the sane sensor* Using one sensor for both 

makes for less uncertainty when comparing X*to^._* As summarized in 

Table 3*1* the voltage levels are equally spaced and chosen so that the 

maximum voltage is less than one-tenth the critical voltage for the 

most mobile ions expected. In order to satisfy this condition and 

still have appreciable signals near the ground* the range of the five 

applied voltages is decreased by a factor of two* three times during 

the flight* This also has the effect of compressing the range of mea¬ 

sured currents which makes the requirements less stringent for the cur¬ 

rent amplifier* 

The current amp (Figure 3*5) is identical to the charge amp except 

that now an attempt is made to make the RpCp time constant snail so that 

the transients which result from the switching of bias voltages die off 

quickly. However, Rp can not be made too small or else the conductivity 

signal at the output V = I+Rp becomes too small. All things considered* 

(± 2 5Ê) was chosen for Rp, 10 pF (± 10 #) for Cp, and 16 seconds 

(= 16 RpCp) was selected for a step interval, except for the zero level 

where it is 32 seconds. Also, a voltage amplifier of gain 10 follows 

the current amp, and both outputs are telemetered. Assuming H = 4 km 

for a conductivity scale height and 10 ra/sec for a balloon rise rate 

gives, for an increase in X+ from the end of the zero level to the end 

of the fifth level (4 x 16 sec), a factor of 

or a 17 # increase. 
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Table 3.1 

Conductivity sensor voltages 

altitude range 
(expected) critical bias voltages 
voltage range used 

0-3 km 200-280 V + 0,5.10,15,20 V 

3-6 km 100-200 V + 0,2.5,5,7.5.10 V 

6-9 km 50-100 V + 0,1.25,2.5.3.75,5 V 

9-1^ km 25-50 V + 0..63,1.25,1.88,2.5 V 
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Figure 3»5 Schsaatic of current amplifier. Application 
of bias voltage Vg is represented by a 

battery 



CHAPTER 4 

AUXILIARY SENSORS AND THE DATA ACQUISITION SYSTEM 

Since BEEPS' data acquisition system is identical to BEFS' and is 

covered in some detail in Christian (1976), a detailed discussion need 

not be included here, A data flow chart is shown in Figure 4,1, 

In addition to the 21 electrical and 4 orientation outputs, there 

is a calibrated pressure transducer whose output is combined with 

radiosonde data to give the altitude of BEEPS, There are also two 

temperature sensors. One is located inside the thermally insulated 

payload, so that effects of temperature drifts may be assessed, A 

second thermistor is located on one of the spin paddles, so that the 

ambient temperature profile may be measured. 

Each of these 28 outputs is sampled once every 31 msec and PCM- 

encoded at 12,5 kbits/sec by a 12 bit analog to digital converter. The 

resulting digital signal is used to frequency modulate a 1680 MHz car¬ 

rier. 
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Figure 4*1 BEEPS block diagram 
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CHAPTER 5 

DATA ANALYSIS 

5.0 Present Status 

The data is yet to be completely analyzed, but preliminary results 

indicate that BEEPS performed pretty much as expected, except for a 

failure of the first balloon to reach its maximum altitude. It rose 

to only a little over 9 km. 

5.1 The Electric Field 

The electric field data from the equatorial sensors has been par¬ 

tially analyzed using the high frequency part of equation (2.6): 

For the thunderstorm balloon BEFS, Christian (1976) and Weber (1978) 

have found the equatorial sensors' orientation coefficients A3 to have 

little or no DC component, so that the charge on the equatorial sensors 

is fully modulated and no account need be taken of any DC components of 

the induced charge. However, the presence of the conductivity sensor 

on BEEPS has introduced an asymmetry which has apparently caused a sig¬ 

nificant offset in the A3*s for the equatorial sensors. 

As a first attempt to take this into account, the average of A3 

over an 8 second interval has been used to approximate the DC level. 

Eight seconds corresponds to about 3 periods of balloon wobble. This 

is then subtracted from the actual A3 to give an approximation for the 

AC component * A3 - A3 over that 8 second interval. The offset in 



56 

causes an offset in the charge amp output due to the conduction cur¬ 

rent collected being more of one sign than the other. The AC part of 

the output Vfrf is computed the same way A^j^ is. This *s converted 

to an equivalent amount of induced charge and plotted as QEAC in 

Figure 5*1* which is for the post-amp following the -y charge amp on 

BEEPS 2. The ky for the -y sensor is proportional to the matrix ele¬ 

ment A23 = cosŸ sin 6 which is plotted as A(K,3). To find Ez it is sim¬ 

ply a matter of inverting the AC component of the A(K,3) curve and 

rescaling it to best fit the form of the actual post-amp output QEAC. 

The result is plotted as QEAC CALC. It is computed from only the orien¬ 

tation data A(K,3) and the scaling factor Ea, and as seen in Figure 5,1 

its fit to the post-amp output can be quite good. This one is better 

than most. 

However, the consistency among the various amplifier outputs is 

not as good as might be expected. Further analysis will indicate 

whether this disagreement is within the limits of the error of ampli¬ 

fier calibration or whether the use of more sophisticated analysis 

techniques may be required. 

5.2 The Conduction Current 

Of the three measurements, that of conduction current was least 

successful. Only the BEEPS 2 data has been investigated. Eight and 

sixty-four second averages of the polar sensor outputs were used to 

compute equivalent Jz values in accordance with the low frequency part 

of equation 2.6, ignoring the polarization current term: 
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The Jz equivalent of the polarization current term was next to be sub¬ 

tracted for the lower altitudes where it is significant, but the Jz 

data is quite noisy below about 8 km, so this line was not pursued. 

Fluid dynamical analysis indicates the likelihood of turbulent flow 

past the balloon at these lower altitudes which could be affecting the 

measurement (Appendix II). 

Beginning at altitudes between 8 and 10 km the data quality 

improves, and reasonable values of Jz are indicated, as illustrated in 

Figure 5*2. What is plotted are 10 point averages of the outputs of 

the two polar sensor charge amps for BEEPS 2 at an altitude of about 

11 km. Offsets proportional to the conduction currents nay be seen. 

5.3 Th® Conductivity 

The conductivity sensors appear to have worked well. The only 

surprise is the presence of an AC electric field signal picked up by 

the sensor in spite of the precautions taken to shield it out. This 

signal is large early in the flights but decreases to insignificance as 

the balloons rise and.as the electric field decreases and balloon 

motion.subsides. 

An example of this data for BEEPS 1 appears in raw form in 

Figure 5«3* Since the voltage steps are equally spaced and of equal 

durations, the slopes of the lines drawn yield the polar conductivities. 
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Figure 5«3 Conductivity data 
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APPENDIX I 

THE BALLOON'S ELECTRODE LATER 

As mentioned in Chapter 2, an electrode layer will form above the 

surface of the balloon. Dae to the fact that ions do not leave the 

surface» a layer of space charge will build up as the ions of the same 

sign as the surface charge drift away from the surface and fail to be 

replenished. This process is limited by the fluid flow velocity u 

which determines the amount of time a parcel of air is in contact with 

the surface. 

For laminar flow past a flat plate, a wedge shaped region of de¬ 

pletion of ions of one sign will form, as shown in Figure A.l. At dis¬ 

tance J. , the height h of the electrode layer is given in terms of the 

ion drift velocity kE and the amount of time that the layer has been 
o 

allowed to build up for that parcel ^ : 

u a 

This is for the case of h greater than the height of the fluid dynami¬ 

cal boundary layer. For the spherical BEEPS, E may be replaced by 3E 

which is the maximum value of the enhanced field, at the equator i be- 

comes ~2“, and for u the balloon's rise rate may be used. Using typi¬ 

cal valiies for near the earth's surface where the effect will be 

greatest until just before the balloon stops rising, the value of h be¬ 

comes ^ (l */oû % ^*0 £ fètoM 

^ / O w /sec. 

There are two effects of this electrode layer. One is a potential 



U 
 > 

Figure A.i Electrode layer 
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perturbation of the electric field. For this worst case h of 13 mm 

near the ground, this perturbation is given by 

where p$. is one of the polar charge densities for the mobile ions. 

Using the value 

X. )0-H C/. 
~ ~k ' /vn 

A.E becomes 10“* v/m. At higher altitudes. will be larger, but this 

will be countered by a smaller h. 

The second effect would be on the conductivity sensor if it were 

located within the layer, but since it is elevated by several centi¬ 

meters, this is not likely. 

In case of a turbulent boundary layer, approximately the same 

amount of net charge will be produced, but it will be spread over the 

height of the turbulent boundary layer which, it turns out, is a bit 

larger than h. This would have to be taken into account for a more 

thorough analysis of the electrode layer, at least for the early portion 

of the flight where the boundary layer will in fact be turbulent. 



APPENDIX II 

EFFECT OF TURBULENCE ON CONDUCTION CURRENTS 

It is possible that conduction currents into the E-J sensors are 

dependent on the dynamical characteristics of the air flow past the 

balloon* Of particular importance is how the ion drift velocity 

( 1 cm/sec) compares with fluid flow velocities, both mean and turbu¬ 

lent. The possibility exists that the large flow velocities in which 

the ions participate may dominate the motion due to the electric field* 

However, in the region just above the sensor surface the flow is 

tangential and the ion drift is normal to the surface, so the two are 

decoupled, and it would appear that the ions can be conducted to the 

surface regardless of the magnitude of the fluid velocities, as. long 

as they are directed tangentially; especially if the flow is laminar. 

Things may be more complicated though in the case of turbulence. 

The conduction of ions to the surface is determined by conditions in the 

layer of air just above the surface* In particular it depends on A + 

or X- and E there* The electric field may be distorted a tiny bit by 

the electrode effect discussed in the preceding appendix, but turbulence 

will tend to minimize this by diluting the thin layer of space charge 

with fresh air from above* However, turbulence may act otherwise with 

regard to the conductivity in this region, namely by controlling the 

number of ions reaching the region* 

One possible way is indicated in Figure A*2 which shows what the 

flow might temporarily look like in the case of turbulence* Regions 

labeled A and C will be stagnant* At A there will tend to be a deple¬ 

tion of ions of the sign opposite to that of the sensing surface, if 
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Figure A.2 Effect of turbulence 
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the eddy velocities are of sufficient magnitude. This is because ions 

from this region will drift to the surface but will fail to be replen¬ 

ished by the downward drift of ions from the air above it because of 

the overpowering fluid velocity there. This is unlike conditions in 

region B where replenishment from above is unaffected by the flow of 

air which is perpendicular to the ion drift. Conditions at C are like 

those at B. Fluid flow does not impede the replenishment of ions to 

the layer just above the surface. At the same time, the fluid flow by 

itself (in the absence of help from gradients in the number density of 

the conducting ions) can not act to increase the number density there, 

since it is divergenceless. As a result, the conductivity is not en¬ 

hanced and therefore neither is the conduction current. This effect of 

turbulence is analagous to a half-wave rectifier. It cuts out the cur¬ 

rent in one half-cycle but allows it to pass in the other half-cycle. 

Another possible effect of these fluid flows perpendicular to the 

surface is to mechanically drive ions close enough to the surface that 

they become attracted by their image charges under whose influence they 

travel the rest of the way to the surface. This would make it possible 

for ions of the "wrong". sign to reach the surface if there existed sur- 

faceward fluid velocities greater than the opposing drift velocities, 

and if they penetrated close enough to the surface to allow image 

charge capture. 

Ignoring image charges induced by other ions, the electric field 

seen by an ion near the surface due to its image is 

For this electric field to balance or overcome the larger scale field 
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at the surface E requires mechanical transport to within a distance 

of the surface. For singly charged ions, and for fields of 3 x 100 v/m 

and 3 x 10 V/m which are characteristic of altitudes of 0 and 10 km and 

which include the balloon's enhancement, the values of z are 

Ô k*\ 2 ~ * /*• ~ 15" Lo 

/ O k»\ *Z 3yu. l~7 Lio 

where the L's are the mean free paths at these altitudes. It is unlikely 

that appreciable fluid velocities normal to the surface exist this close 

to the surface. Qualitatively, since these values of z are of the order 

of the minimum dimensions of fluid "particles," ions within these dis¬ 

tances of the surface are in the fluid "particle" adjacent to the sur¬ 

face which can not be moving toward the surface. 

In conclusion, it appears unlikely that ions of the "wrong* sign 

can be mechanically driven close enough to the surface to be captured 

by their images, however the former effect concerning impeded ion 

replenishment of stagnant regions remains a possibility. 
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