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ABSTRACT

A method is discussed in this report whereby data on the char-
acteristices of the E-layer of the lonosphere may be obtained. A bipolar
exploring electrode system is flown on & rocket and its volt-ampere curves
at various altitudes interpreted in terms of the concentration and energy
distributions of ions and electrons. Such a bipolar probe consists of two
isolated, as far as possible, noninteracting electrodes connected to the
two terminals of a variable-voltage source; it is particularly suitable
for immersion in an ionized medium without any convenient reference elec-
trode, e.g., in an electrodeless discherge, a decaying plasma, or the ion-
osphere.

In the first part of this paper a brief review is given of our
present knowledge end ideas about the E-layer and it is attempted to pos-
tulate a simple "model" E-layer with a minimum number of parameters. In
the second and third parts Langmuir's probe theory is reviewed and its
application to the ionosphere and to & geometry realizeble cn a rocket
is discussed in detail, as well as numerical and graphical methods for
determining the constants of the model icnosphere from probe data,

The fourth part describes the first rather crude cxperiments
with bipolar probes on rockets. The reduction of the data has met with
considerable difficulty. The mein reessons are held to be the rather un-
favorable geometry and the disturbances cauczed Yy the motion of the rock-
et through the atmosphere. It has not béen posnible to werk out a com-
plete and unambiguous interpretation of all the duta cttaired during the
flight in terms of the concentrations and energies of %tihe ions and elec-
trons. A detailed discussion of what is coneiderea the mcat plausible
interpretation is included.

This tentative interpretation requires that “ks concentration
of the negative ions be considerably larger than *the ccnzentration of the
electrons.

The prospects of obtaining unambiguous resulis by imoroved probe
design are considered at length and are found to be encourzging. To arrive
at a conclugion in this respect, based on the expesrience gained during the
preliminary experiments, 1s held to be the main objective f this report.






DYNAMIC FROBE MEASUREMENTS IN THE IONOSPHERE

INTRODUCTION

Most of our knowledge of the properties of ionized gases has
been derived from experiments with electrical discharges through gas-
filled tubes. In the study of the ionized layers of the upper atmosphere
it is natural to try to draw whatever parallels are possible between the
behavior of these layers and the plasma in a gas-discharge tube, with due
regard for the considerable difference in ion densities and processes of
ionization and recombination. Early suggestions in this direction were
made by Tonks.l

When the V-2 rocket became available for upper atmosphere re-
search after the end of the second World War the opportunity arose to
apply to the exploration of the lower ionosphere the probe method de-
veloped by Langmuir and his associates for study of the properties of
the plasma in a gas-discharge tu.be.e’5 The single-probe technique used
in gas-discharge tubes had to be modified to a differential arrangement
involving two collectors with a controlled difference of potential but
with an absolute potential free to assume any equilibrium value required
by the total rate of collection of positive and negative particles. 1In
connection with a contract between the Air Materiel Command of the U. S.

Air Force and the University of Michigan concerning instrumentation of
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V-2 rockets for measuring pressure, temperature, ion density, and ion en-
ergy in the upper atmosphere, one of the present authors, W. G. Dow, sug-
gested this bipolar variable-voltage-probe method for the study of the
characteristics of the lower ionosphere. Such probes of early and not
too adequate design have been in operation on three successful V-2 flights,
in November, 1946, in February, 1947, and in December, 1947, respectively.
The first flight proved that the scheme could work, although scale ranges
and other details had not been predicted accurately enough to furnish use-
ful data. The December 1947 flight gave a continuous record of well de-
fined probe curves for altitudes between 80 and 103.5 km. Attempts have
been made to calculate from these date at least rough approximations of
ion concentration and electron energy. The set of probe characteristics
deviates considerably from what would be predicted from probe theory ap-
plied to & thin plasma in temperature equilibrium at 250-300°K. The main
reasons are believed to be:
1. The shape of the collectors does not approximate
closely enough any of the ideal geometries for
which the current collection is known.
2. The lon sheaths of the two collectors overlap, so
that a complicated interaction takes place between

them.

3. The air flow about the rocket upsets the thermal
equilibrium in the vicinity.

Despite these discrepancies we believe that the experience gained
during these flights and during the analysis of the collected data point
the way to improved design and promise valuable data from future flights.

In this report we shall begin with a summary of the properties

of the lower ionosphere as deduced from observations of various kinds as



well as from calculations based on established physical laws. We shall
attempt to specify the state of the ionized air at any point in space in
terms of a minimum number of measurable quantities.

The next task is to relate these quantities to the observed volt-
ampere curves of a bipolar probe and to estimate the errors and disturbing
influences produced by other previously neglected factors and processes.
Optimum design of the collector surfaces and graphical and numerical methods
for the computation of the characteristics of the E-layer will also be
discussed at length.

Finally, the results obtained during the December 1947 flight
will be analyzed and the difficulties referred to above will be investi-
gated. Necessary modifications of the computation procedure are introduced
and the final result presented. Tentative interpretations are given for

unexpected behavior of the probe current, particularly during descent.

THE E-LAYER OF THE IONOSPHERE

At an altitude of 100-105 km the composition of the atmosphere
is believed to change rather abruptly: below this altitude the oxygen appears
nearly exclusively in molecular form; above, the atomic oxygen predominates.
When the radiation from the sun reaches the molecular oxygen which has a con-
siderably lower ionizing potential than the atmospheric layers above it, an
increased photo-ionization is to be expected. The resulting ion concentration
reaches a steady state when the loss of ions due to recombination and diffusion
equals the rate of photo-electron ionization. A generally acceptable recom-
bination process to explain the concentrations observed by radio-propagation

measurements has not with certainty been established as yet.)’6 As to the
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importance of diffusion in the ionosphere, a widely spread opinion seems

to hold diffusion a negligible item in the ion-balance equation of the
E-layer.7’8

The ratio of the concentrations of negative ions and electrons
in the E-layer hes in general been assumed to be negligible. Theoretical
calculations by Bates and Massey gave an order of magnitude of this ratio
of a few tenths of one per cent. Several independent experimental indica-
tions have recently been found of a very much higher ratio. The relatively
long life of each free electron enables it, despite the low gas pressure,
finally to attach itself to a gas molecule, but the abundance of photons
of sufficient energy for photodetachment was considered to make it im-
probable that it will remain attached an appreciable part of its life.

The probe measurements are not accurate enough to give an independent es-
timate of the electron concentration. This ratio, therefore, enters the
considerations in this report only in the comparison between the positive
ion concentration obtained from the probe data with the electron density
determined by radio-propagation methods.

The gas temperature at the altitude of the E-layer is estimated
to be 250-300°K. It is the predominant opinion among ionosphere physicists
that temperature equilibrium is at least to a rough approximation preve-
lent in the E-layer. It should be pointed out, however, that a number of
phenomensa have been continuously observed which constitute disturbances
of the equilibrium. Such phenomena are steady winds of velocities in the
range 50 to 100 m/sec, random winds of 2 to 3 m/sec, formation and move-

9510 In the interpretation of rocket data it

ment of ion clouds, etc.
should also be remembered that the presence and motion of the rocket it-

self cause a disturbance in its immediate vicinity. It is thus not to be



expected that the ion and electron energies should under all conditions
correspond to the temperature of the air at rest.

Introduction of the concepts of ion and electron temperatures
implies the assumption of a Maxwell-Boltzmann distribution of ion and
electron energies. The Jjustification for this assumption may be ques-
tioned, particularly as regards the electrons., At ionization the lion's
share of the surplus energy of the photon becomes kinetic energy of the
electron. If this energy is lost in collisions in a small fraction of
the lifetime of the electron, the velocity distribution of the electron
will be very nearly Maxwellian. The electron temperature will be equal
to the gas temperature unless a continuous source of energy, like an im-
pressed electric field, exists. Similarly, a recombination process that
favors a certain energy range will cause only insignificant deviations
from the Maxwellian velocity distribution, if the rate of recombination
is insignificantly small compared with the collision rate.

The characteristics of the E-layer at a certain point should
then be stated in terms of the positive-ion density, the negative-ion
density, the electron density, the air pressure, and the equilibrium tem-
perature as a function of the altitude. If there are any reasons to
doubt the temperature equilibrium, the gas temperature, ion temperatures,
and electron temperature have to be specified separately.

Experimental observations of the maximum electron concentration
in the E-layer are continuously made by radio-propagation measurements.
These observations give the altitude of this maximum as varying between
100 and 120 km. Pressure measurements have been made from rockets at
this altitude, and the temperature has been calculated by means of the

barometric equation under the assumption of constant composition of the
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12 Direct temperature observations by sound-velocity measurements

air.
have been attempted, but no data have so far been obtained up to and above
100-kn altitude.

Some experiments performed in England to explore the "Luxembourg
effect", i.e., the intermodulation between strong radio signals in the E-
layer, are of particular interest because the electron temperature is a

15 The quantita-

rather important parameter in the theory of this effect.
tive agreement between observations and calculations based on assumed
temperature equilibrium is reasonably good, giving rather strong support
to the assumed temperature equilibrium, at least in the lower strata of
the E-layer.

The correct approach to an experimental investigation like the
present one is, of course, not to rely on any a priori assumptions of
this kind but to leave it to the probe date to give information as to the
energy distribution of the ions and electrons. However, the problem in-
volves so many variables connected by transcendental relations that we
should take on an unnecessarily severe handicep if we did not meke crit-
ical use of all previous work in the field, continuously checking its
compatibility with our observations, if possible, as we go along.

The undisturbed E-layer in the ionosphere is assumed to be a
region free of electric fields where in esch volume element, on the
average, the concentration of positive charge equals that of negative
charge. In the vicinity of a conducting body immersed in this "plasma",
however, such a state cannot be maintained. If the body has a negative
potential with respect to the plasma, a unipolar, positive-space-charge

sheath is formed at its surface containing very few electrons and negative



ions but an appreciable density of positive ions. Outside the sheath
there will be a region of ambipolar diffusion which continuously replaces
the ions and electrons that pass through the sheath and are collected by
the body.

In a quantitative study of the equilibrium state in the vicinity
of the conductor the first step is to derive the relations between sheath
thickness, across-the-sheath potential, and current collected, on the one
hand, and the particle densities and energies at the sheath edge, on the
other. Since these densities and energies are not those of the undisturbed
plasma it is necessary to consider the variations of these quantities in
the region of ambipolar diffusion. At the sheath edge this region is sub-
ject to a constant drain of ions and electrons. Since the medium is vis-
cous a concentration gradient is required in the diffusion region. Also,
because of the more rapid diffusion of electrons, a weak electric field
must exist, retarding the negative particles and accelerating the positive
ions. At the sheath edge, therefore, the concentrations of all the charged
particles must be expected to be lower and the positive-ion energy higher
than in the undisturbed plasma.

In the next sections the quantitative relations between the cur-
rent collection and potential of a conductor and the characteristics of
the plasma in which it is immersed will be discussed. Experimental and
computational procedures will be described by means of which these

characteristics can be determined.



REVIEW OF THE PROBE THEORY

A. Single Probe

When an electrode immersed in an ionized gas is brought to a
potential different from that of the gas, a space-charge region or "sheath"
forms around it of opposite polarity to the potential of the electrode. If
the gas pressure is so low that the probability is small for an ilon or elec-
tron entering the sheath to collide with gas molecules before it reaches
the electrode, the current to the electrode can be calculated in terms of
the dimensions of the sheath, the velocity distribution of the ions and elec-
trons arriving at the sheath boundary, and the total potential differences
across the sheath. The current reaching the electrode is independent of
the actual distribution of potential in the sheath, with certain mild res-
ervations. The thickness of the sheath and the potential distribution in-
side are determined by space-charge considerations rather than by the ini-
tial velocities of the ions and electrons and the potential difference
between the collector and the gas.

Consider a cylinder or wire whose length L 1is large compared
to its radius r so that axial space variations can be neglected. Assume
that the composition of the ionized gas is uniform about the collector and
that the ion velocities are random. The sheath will then be a circular
cylinder concentric with the collector; let its radius be a meters. Con-
sidering the ions of one particular sign only, let N be the number per
mit volume in & small element of volume d¥ bordering the sheath. In a
plane normal to the axis let u be the radial and v the tangential compo-

nent of velocity of an ion, u being counted positive when directed toward



the center. Then, if
Nf (wv)du dv d¥

is the number of ions in d¥ +that can be expected to have velocity com-
ponents u and v lying in specified ranges u to u + du and v to v + dv,
the total number of ions expected to cross the sheath edge with velocities

within the given limits in unit time will be
2x a N u £(u,v) dudv (1)

On multiplying (1) by the ionic charge e and the length £ of
the electrode and integrating between the proper limits, the following

equation is obtained for the expected value of the total current to the

L -] vl
i = 2xablNe / / uf (u,v) dvdu (2)
Oy =W

Here the lower limit of u is to be taken as zero when the

electrode.

collector potential is accelerating, as Uy when it is retarding. The
limits uy and v, are obtained by applying the laws of conservation of
energy and angular momentum to the problem of ion flow to the electrode.

The following values are obtained
2 2 2 e
1 Y- S (us + 2 n V) (3)

u12 = -2 % v (J-i-)
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e = charge of ion
m = mass of ion
V = potential of electrode with respect to the sheath edge,
to be taken positive when the electrode attracts ioms.
The expected value of the total current I crossing a unit area at

the edge of the sheath is

00 0
I = Ne / / u £(u,v) dv du (5)
0 -0

These equations,(2) and (5), give the current to the electrode
and the current per unit area at the sheath edge for any distribution of
the velocity components u and v.

If the velocity components are assumed to have a Maxwellian

distribution the distribution function is

m_, -@/aT) (8 + VP (6)

where k is Boltzmann's constant and T is the ion temperature in degrees
Kelvin.

When this distribution function is introduced into Eq. (5), the
following expression for the expected ion-current density entering the

sheath is obtained:

I = Ye [¥r/2m (7)

It is, of course, not strictly correct to assume that this is
the current density at the edge of the sheath. Actually, it represents

the isotropic current density in a space where the velocity distribution
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is everywhere Maxwellian. At the sheath edge, however, the distribution
cannot be Maxwellian, since more ions enter the sheath than leave it; in
extreme cases all ions that enter the sheath will proceed to the collector,
so that no ions leave the sheath. By considering Eq. (7) as the "tem-
perature-limited emission" from the sheath edge we are treating a trans-
port problem as an equilibrium problem, and the result should be regarded
as an approximation to be justified by experimental observations.

It is convenient at this point to introduce dimensionless varia-

bles for current and potential

. _ i _ i

n T Bar I - AT (8)

7 = eV/kT (9)
where A = 2xrd = the area of the collector.

From Eq. (2) we now obtain, for an accelerating potential, that is %70,

1/2

i, = vert {éﬁzé—i}l/e + el |1- erf {iéziff} (10)

For a retarding potential, that is 7<O0,

i, = e (11)
Here
x
erf x = —=- -//. e_yQ dy (12)
ST
0
7 = a/r (13)

For a retarding collector potential the current is independent

of the sheath radius, and according to Eq. (11) its logarithm is a linear
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function of the collector potential, the slope of the line representing
this function being e/kT.

For an accelerating potential, the current reaching the electrode
depends on the sheath radius, so that another independent relation between
ips 7, and 7' is needed to calculate the current. This relation is the

equation of space-charge-limited flow in a cylindrical system.

8Var € /2
1 = -——9-——9- Je/m SE (14)

This equation is derived under the assumption that the ions have
no random velocity. An approximate correction for a Maxwellian initial

3/2

velocity distribution of temperature T is obtained by replacing V by

2
3/ (1 + 0.0247 VT/V). (-B)° is a transcendental function of ¥ which
has been tabulated by Langmuir and Blodgett. In terms of the dimensionless

variables introduced in Eqs. (8) and (9) Eq. (1k4) can be written

P 3/2
i = (15)
n = e 1
where
8 & kI yT »
P = —2 (1
or® Ne?

Eqs. (10) and (15) form, with (-6)2 = f(7'), a transcendental
system that in general can be solved only by numerical or graphical methods.
A simple graphical approach mekes use of a graph of Eq., (10) in log-log co-
ordinates (Fig. 1). For given values of collector radius r and ion con-

centration N Eq.(15) will be represented in the same coordinates by a

family of straight lines with the slope 5/2. For each %/, the intersection
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between a curve (10) and a line (15) gives a solution to the simultaneous
equations and a curve through all these intersections represents the current
vs. the voltage for this collector radius and ion concentration.

Numerical calculations of plasma characteristics can often be
very much simplified by use of one of two asymptotic forms of Eq. (10). One
of these asymptotic relations is represented by the common envelope of the
curves, the other by the horizontal asymptotes of the individual curves for
large values of 7.

Along the envelope the current is unaffected by the space-charge
density in the sheath, and the current is said to be limited by the orbital

motion of the ions. The current is in this case

Vi + 7 (17)

These conditions are obtained for low ion density, small collector
radius, or high ion temperature. The quantitative criterion will be given

later.

2

It is seen from Eq. (17) that in

varies linearly with 7, or the
square of the collector current with the collector potential. If the slope
of the line representing this relation is obtained from experimental data,
the ion density cean be calculated from Egs. (17), (7), (8), and (9).

2

Denoting this slope by S amps~ per volt, we obtain

N = i% Vom/2e (18)

The intercept of the line on the voltage axis Vb gives the
ion temperature

T, = 11600V, (19)
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This relation is not useful to determine the ion temperature,
however, since V, is usually too small to be measured accurately.
The second asymptotic form of Eq.(10) is obtained for low ion

temperature, large ion density, or large collector radius. It is
i = 7 (20)

In this case the current is entirely unaffected by the orbital
motion; all ions that enter the sheath reach the collector. This condition

i1s described as sheath-area-limited current.

When Eq.(20) is combined with Eq. (15) and with the relation be-
tween (-B)2 and 7/, a family of curves is generated with the quantity P as
parameter (Eq. 16). In a graph with logarithmic coordinates these curves
are over a wide range (1.5 € i, € 100) nearly identical in shape with the
curve representing Eq. (17) but displaced horizontally by an amount deter-

mined by P (Fig. 2). This means that in general the volt-ampere curve of
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the collector for an accelerating potential can be expressed by the equation
i, ® 2/Vx V1I+py, (21)

where g is a factor smeller than one. When the current is sheath-area
limited, g is approximately 1.5 - PQ/B. For conditions intermediate between
sheath-area-limitéd and orbital-motion-limited current M is given by Fig. 3,
which has been obtained graphically from Eqs, (10) and (15). The inclined
asymptote to the left represents sheath-area-limited current, and the second
asymptote fl== 1 represents orbital-motion-limited current. This graph shows
clearly what the criteria are for the validity of these two asymptotic solu-

tions. The current is limited by

sheath area, if T /N r° < lo'u (22)

orbital motion, if T /Nr® 2 1072, (23)

It should be noted that according to Eq. (21) a plot of in2 VS,
7 should approximate a straight line, whether the current is limited by
orbital motion or not. The slope of the line has a different interpreta-
tion if M % 1, and the intercept on the axis is larger than the voltage
equivalent of temperature by a factor of 1/# .

Eg. (21) is accurate within 10 per cent over most of the range
indicated. The errors increase at the upper end of the range so that the
sheath-area~-limited current at in = 100 is actually about 4O per cent
larger than the value given by Eq. (21).

The method used for the reduction of data in this report for

sheath-area-limited current is based on Egs. (15) and (20).
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Taking the logarithm of both sides in these equations we get

logi, = log¥ = logP +3/2 logq- log(-B)° (k)

By differentiation

d(log 1) = d(log#) =3/2 d(logy) - 4 [log (-8)°] (25)
d(log i) _ d(log ) i d115 (26)
d(log q) d(log o) 14 do:%é_g_}_

or

4 log(-B)e _ ._Ll_elil!l-l 1.5 14V 27)

d(log v) 12 d(log i) Vdi

This quantity can thus be computed from experimental data
(coordinates and slope of one point of a current-vs.-voltage curve).

A graph of this quantity as a function of 7 = a/r (Fig. 4)
yields the ratio of sheath radius to collector radius for the point con-
sidered. The graph given here is approximate, in that it has been deriwed
from Langmuir's (-;3)2 by graphical differentiation.

When the resulting value of ¥ is introduced in (21), (8) and (7),
not the ion concentration, but the product of the ion concentration and the
square root of the ion temperature is obtained, so that another independent

relation involving one or both of these quantities is required.
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Since the plasma contains positive ions, negative ions, and
electrons, the collection of all three types of particles determines
the volt-ampere curve of a cylindrical probe (Fig. 7, collector No. 1).

However, for large negative collector potential the negative-
particle current is negligible, so that the Part A-B on the curve repre-
gents positive-ion current alone. If the radius of the probe is so small
that the ion current is known to be limited by orbital motion along this
part of the curve, the positive-ion density can be calculated from the
slope of a line representing the square of the current plotted vs. the
potential of the probe (Eq. 18). An extrapolation of the ion current into
the range B-C by means of this line makes it possible to separate positive-
ion and negative-particle current in this region. If the positive-ion cur-
rent is known to be sheath-area-limited, the procedure involving Eq. (27)
yields the product of the positive-ion concentration and the square root
of the positive-ion temperature. According to Eq. (21) the positive-ion
current can still be extrapolated in the same way into the region B-C far
separation of the negative and the positive-particle currents. The
negative-particle current varies so much faster with the potential than
the positive-ion current that the approximate character of Eq. (21) in-
troduces a negligible error in the negative-particle current obtained by
the extrapolation procedure. The negative-particle current is the sum

of the electron current and the negative-ion current
i = oxrl {Ie . VAT I, .eev/an} (28)

Since the random current density I (Eq.7) is directly propor-

tional to the particle concentration N and inversely proportional to the



square root of the particle mass m, the electron component will pre-
dominate unless the negative-ion density is very much larger than the
electron density. In every case, as long as the negative-ion tempera-
ture is equal to the electron temperature, this temperature can be deter-
nined from experimental data by measuring the slope of the line repre-

senting the equation
log (i, + ig) = eV 4 const. (29)
kTg

If the ratio between negat ive-ion concentration and electron
concentration were known, it would theoretically be possible to calcu-
late also these concentrations from the same set of data. Because of
the steep exponential variation, however, an extremely accurate knowl-
edge of the potential difference between the gas and the collector is
required. TFor this reason this method is usually not practically useful

for determination of negative-ion and electron concentration.

B. Bipolar Prcbe

When the single-probe circuit cannot be connected to an elec-
trode of fixed potential with respect to the ionized gas, such as the
anode or the cathode in a gas-discharge tube under constant operating
conditions, a combination of two probes, each connected to one of the
terminals of a variable-voltage source, can be used. The application
of such bipolar probes to the exploration of the E-layer of the ionos-
phere is the subJject of this report.

The theory of the bipolar probe can be simply derived from

the preceding discussion of the single probe. Consider a combination of
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two long cylindrical collectors (Fig. 5). Preferably, one of them should

have small enough diameter for the positive-ion current to be limited by

orbital motion, so that the positive-ion concentration can be determined

FIG. 5 SCHEMATIC DIAGRAM OF A BIPOLAR PROBE

independently of the positive-ion temperature. A considerably larger
second collector has some merits both from practical and theoretical
points of view. The ion current to this electrode (No. 2) shall there-
fore be considered sheath-area~limited. In the following discussion
both ions and electrons are assumed to have a Maxwell-Boltzmann energy
distribution at the sheath edge.

From the preceding section and Egs. (7)-(9), (11), (17), and
(21) it is seen that the expected values of the total currents to the

collectors No. 1 and No. 2, respectively, may be given by

. ~ 2 l/2 %le ﬂln
i, 2 MIp gF [Mp +1]7 - &I e 7 - AT v e (
15 i/
. o~ e en
1T2 = AEIP . Ye - AQIG .« € e~ . A’QII]. * e (
where =
T
I = N -e P = random positive-ion-current density

(29)
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(30)

randon electron-current density

(502)

random negative-ion-current density

positive ions at outer face of sheath

negative ions at outer face of sheath

electrons at outer face of sheath

collectors No. 1 and No. 2 respectively

eVl eVl eVl
SO + 3T T
KTy’ KT’ KT,
eV2, . GVE . evg
—_ = —

= electron, positive-ion and negative-ion temperature,

respectively

=  across-the-sheath potentials for collectors No. 1 and 2

respectively, also approximately the potentials of these

collectors relative to space potential.

Both V3 and Vo

are always numerically negative.
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In regard to the symbols Vi, Vo and referring to Fig. 6, it is
evidently convenient to consider collector potentials as being measured

relative to the space potential; therefore, basically, zero potential

(SPACE POTENTIAL)
1

0o—
VOLTS

7
1 .

4

FIG.6 POTENTIAL DIAGRAM OF A BIPOLAR PROBE

should be defined as that at the top of the space-potential plateau.
There is presumably only a small potential drop between plateaun
top and sheath edge. Therefore Vi and V,, being defined as nunerically
negative, may be thought of as approximating reasonably well the poten-
tials of the respective collectors relative to zero potential at the
top of the plateau. However, rigorously, Vi and V, describe, negatively,
the potential differences between collectors and sheath edge. Eq. (27)
is a relation only between the potential drop V; across the sheath, the
positive-ion temperature Tp, negative-ion temperature T, , electron tem-
perature T, at the sheath boundary, and the random ion and electron cur-
rents, Ip, L and I.. Eq. (28) shows, in addition to these variables a
dependence on sheath radius. Each equation consists of a positive-ion
current added to an electron and negative-ion current that is due to the
electrons and negative ions that succeed in penetrating the retarding
field in the sheath.
One consequence of the difference between the potential of the
'plateau'and that of the sheath edge is that the average energy or tempers -

ture of the positive ions will be somewhat higher at the sheath edge than
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in the undisturbed gas. We shall see, however, that if the ionosphere
is initially at temperature equilibrium this increase is only about five
per cent under sheath-area-limited conditions and considerably less if the
current is limited by orbital motion.

Since the combination of two collectors in space constitutes an

isolated system, there can be no net flow of current; hence,
iTl + im = 0 (31)

It is reasonable to assume as a very good first approximation
that the potential at the outer edge of the sheath is the same for collec-

tor No. 1 as for collector No. 2. This justifies stating the relation
&v. = 7 - Vo (32)

where §V is the voltage applied between the two collectors.

From Egs. (27) to (32) it is possible to obtain, in principle at
least, V; and Vo as functions of 6V and the constants of the ionized gas.
This determines the manner in which the potential drop across the sheath
must vary as the applied voltage 8V is changed. Hence, replacing Vy or
Vo by the equivalent expression in terms of &V provides the desired re-
lationship between iTl and 8V, or between iT2 and §V. This represents
the experimentally observeble volt-ampere curve for the bipolar probe.

In view of the complicated manner in which the potentials Vi
and V, appear in Egs. (27) and (28), for cylindrical probes, the exact

dependence of Vi or Vé on &V would be very difficult to find, except by
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graphical methods. Tig. 7 shows how a graph of the bipolar characteristic
ip = £(8V) can be obtained from the two single-probe plots ip, = £(V)

and ipp, = f(Vz). The latter plot is inverted so that the condition

iTl = -1p, 1s satisfied by any pair of intersections of the curves with
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intersections is the corresponding value of §V. The resulting curve is

shown in Fig. 8.
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The computation of the characteristics of an ionized gas from
such curves for a bipolar probe is facilitated by the fact that some parts
of the bipolar-probe curve have very nearly the same shape as a single-
probe curve. For large negative values of Vy, the electron current to
the large collector rises so steeply that Vé can be considered constant.
Except for the different location of the origin, the portion A-B of the
bipolar-probe and single-probe curves are then identical. This will apply
also to the part B-C if the ratio of the probe areas Al/A2 is very small.
If this ratio is not too small, Vi may be considered constant for large
positive values of §V, so that the part D-E of the bipolar curve (Fig.8)

will be equal to the corresponding part of the curve -ipy = f(Vé). The

conditions to be satisfied in the two cases, respectively, are
Ay/A, exp [eV/kTe] <el (33)
Ay/A, exp [eV/kTe] » 1 (3h)

It is possible therefore to use the various methods for compu-
tation of the characteristics of an ionized gas from experimental data
that were presented in connection with the single probe, if the probe is
so designed that the above criteria are satisfied at the appropriate points
of the bipolar volt-ampere curves. The part A-B of the curve supplies
data for a plot of (ip)2 vs.éV for computation of the ion density from
Eqg. (19). The intercept of this line on the horizontal axis represents
Vo + Tp/ll,GOO and thus roughly calibrates 4V in terms of the gas poten-
tial if the current to the probe is known to be limited by orbital motim.

If the criterion for sheath-area-limited ion current to collec-

tor No. 2, as well as Eq. (34), are satisfied, the method involving Eq. (25)
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cen be used to compute vaﬂf;: It Nb has been determined from the small-
probe characteristic, Tp can thus be obtained. It should be remembered
that these values of Np and Tp represent the conditions at the sheath
edge, not in an undisturbed region of the gas. If different points on
the curve are used for computation, different values of Tp and Np may re-
sult, since sheath thickness and across-the~sheath potential difference
will vary with §7V.

If the negative-ion and electron temperatures are equal, a
plot of Eq.(26) will give this temperature from the slope of the line.

As mentioned above, it is not practical to calculate the electron concen-
tration, or rather the sum of negative-ion and electron concentrations
weighted inversely as the square root of their masses, from the negative-
particle current obtained from the part B-C of the probe curve by sub-
traction of the extrapolated positive-ion current. On the other hand, if
these concentrations were known, the space potential could be much more
accurately obtained by this method than by extrapolation of the (ip)2 VS,

§ V line.

Johnson and Malteri! have used some convenient procedures to
obtain the electron temperature of a positive-ion-electron plasma from
the bipolar-probe curve under circumstances when the condition (33) is not
satisfied. These methods are not reviewed here because they are not easily

adaptable to the probe geometry used so far, nor to the one suggested for

future rocket measurements.

C. The Region of Ambipolar Diffusion

One of the most difficult problems in evaluation of rocket probe

data, even if obtained by a probe of considerably improved desipgn, is the
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calculation of the difference in charged-particle concentrations and tem-
peratures between the undisturbed ionosphere and the sheath edge. It is

& problem of ion mobility or diffusion, for which no precise theory in
satisfactory agreement with observations exists. The only alternative to
the application of an adequate theory is laboratory experiments so arranged
that they can be extrapolated to the actual probe conditions with strict
adherence to the laws of similitude. The nature of the lonosphere as an
electrodeless discharge with pure volume recombination makes such experi-
ments very difficult., However, a detailed discussion of this question is
beyond the scope of the present report.

We shall here discuss the variations of charged-particle con-
centrations and temperature from the point of view of an approximate the-
ory.l5’lh The basic assumptions in this approach are:

1. The flow is completely viscous in the ambipolar 4if-

fusion region; this region borders directly on the
sheath, where the viscosity is negligible, certainly
a considerable oversimplification of the actual con-
ditions.

2. A steady state exists.

3. Np = Np + Ny, and the ratios between these concen-

trations are constant.

b N, = Nn, exp(eV/kT,) (retarding field, V negative) (35)
5. Ng = Neo/exp(eV/kTe) (36)

The positive-ion current depends on the positive-ion concentra-
tion gradient, the positive-ion temperature gradient, and the potential

gradient according to the equation
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1 1 F
I = eN, - D {=—~ ad W, + — ad V., + ad V
D p " Pp {Np grad N, 7 (grad Vi grad V) (37)

vhere DP is the diffusion coefficient of the positive ions and Vb is
the voltage equivalent of the positive-ion temperature.

Continuity requires that at every point the divergence of this
current be equal to the difference between the ionization rate and the
recorbination rate. The lonization rate is independent of the ion and

electron concentrations while the recombination rate can be considered

to vary with the square of the positive-ion concentration.
. 2 2
T avI, = - (p, - Np), (38)

where Ny, is the positive-ion concentration in the undisturbed plasma.

It is thus evident that the ambipolar diffusion in the ionos-
phere is quite different from the diffusion in a gas-discharge tube, the
main reasons being the absence of sustaining electrodes and different
predominant processes of ionization and recombination.

To get a first approximate solution it is convenient to assume
temperature equilibrium: Tp = T, = Te = the gas temperature. Then,

according to the assumptions 3 to 5 we can write

kTe
ad V = c—_ rad (Np + Ne)
or ST ) grad (Np + Ne (39)

I ¥ eDP[ 1+ (Te/Tp)] grad N, & 2D, grad I\Ip (ko)

Ve W o~

- 2 _ne
. 2 (po? - 1) (41)



Since the ambipolar-diffusion region is known to be very large
compared to the collector dimensions a spherical geometry with
8/dg = 9/d0 = 0 will approach the actual conditions over a very
large fraction of the region.

Introducing the new variable

d

r(lp - Np) (42)

we obtain
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An approximate solution good for very small variations of N@

regults if HPo + I, is replaced by Q'NPO

-

~Br (44)
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where I, and Q are constants to be determined from the boundary con-

Do

ditions at the sheath edge and

p o= [ 20 !
- DP (5)

If numerical values of the order of magnitude encountered in

this experiment are introduced in Eq,(hhl it will be found that the varia-
tions of Np with r are not always small, so that the linear approximation
to Eq. (41) may be questionable. Since the solution is continuous and mono-
tonic within the range r = a to r = o0, suitable limits for its variation

can be easily established:

, ) by - N 4 - a
2 ar Na (Wpo - Np) 5.2 (thp) £ 2ar Ny (fp, - Ip) (46)
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Ny, - & P12 oy, ¢ Q2 o-Per

i) -
Po T Po T (47)

where N?o’ Ql, and Qo are constants to be determined from the boundary

conditions and where

041] D
By = /f (48) Bo = | gzm (49)

N, is the positive-ion concentration at the sheath edge (r = a).

The recombination coefficient ¢ has been estimated to lO'8 cmﬁ/sec

or lO"ll‘L m5/sec. The diffusion coefficient is approximately

- 1lbeVy . 5
DP —§;jagp Ep (DO)

where mgy is the mass of a gas molecule and %p the mean free path of the

ions. For an ilon density as high as lO12

ions/m’, 8 is approximately 0.022.
In the part of the diffusion region that is of particular interest
Br is so small that the difference between the two limits in Eq,(h?) is

insignificant.

For very small sheath dimensions a cylindrical solution of the
diffusion problem may be of interest. Linearizing Eq.(4l), as before, we

obtain the following solution
N = Npg-QEH (Jr) (51)

where Ho is the Hankel function of order zero and B has the same meaning
as in the spherical solution.

In order to determine the relation between the positive-ion con-
centration in the undisturbed ionosphere and that at the sheath edge, we

make use of the continuity of the ion-current density at the sheath edge.



The spherical solution gives

in - bor? - I I D, (1 Ve) an
= = € + £1ra, \
P 5
a2 72 D P

v, 1
e Dy (L - -V:S) (Mpo - Te) @ (T2 +5)  (52)

where V, is the voltage equivalent of the electron temperature.

After introduction of Egs. (7) and {50) we obtain

Np, - Mg 1

L4

2 . (53)
N b2 v .

a
o ¢! +%) (1 + pa)

When pa is small, V, = Vp and the current through the sheath

is limited by sheath area, this reduces to

a

= .265 - % (5%4)

When the current is limited by orbital motion i, is indepen-
dent of ¥ so that the left member of (53) is inversely proportional to

the sheath radius instead of directly proportional as in (54%). A maxi-
murt must occur between these two extremes, probably in the neighborhood

of the transition from sheath-area-limited current to orbital-motim-limited

current.

For very large sheath radius (Ba »?21) Eq.(54) becomes

Np, - Yo . 0.265
Ta YA (55)
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Under ideal cylindrical conditions the corresponding relations

to Egs., (52) and (53) are

i - oxrd. I i, - I v
NPT 7 = eDy (1+ -v-;i’:-) Q J B Hy(jpa) (56)
Ny - N, 3 a . i
__13.9_..__% e . L Ve __I:ji_g_g_xléa') __r_):
N, = hve Ap V) Wam(pa) v o (57)
Here
H(js) .
jBa Hl(jﬁa)' ~ log 1781 Ba for pa << 1 (58)
~ L for Ba >» 1 (59)
Ba

For sheath-area—limited current, Vg = p? and Pa €41 we now

get, in analogy with Eq. (54),

NPO - XN
—— 265 » 108 ————m .., & 60
N, % 0.205 °8 1.781 Ba £y (60)

For 0.02 £ Ba € 1.0 the fraction to the left in Eqs. (58) and (59)
lies between the corresponding limits of 4.02 and 0.70. The drop in ion
concentration is consequently appreciably larger in an ambipolar diffusion
region of cylindrical shape than in one of sphericalshape of the same radius.

The two limits obtained by using B = By and B = Po, Egs. (53) and

(511-), may in the cylindrical case differ appreciably even in the neighborhood
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of the sheath edge and for small values of Ba. It may therefore become
desirable to have a complete solution of the nonlinear equation (41) in
the form of a numerical table or a graphical map.

The assumption of a constant positive-ion temperature throughout
the diffusion region introduces an error whose order of magnitude can easily
be checked after the approximate numerical solution of the diffusion prob-
lem has been found according to the procedure outlined above. The poten-
tial gradient at the sheath edge is obtained from Eq, (39), and the voltage

equivalent of the positive-ion temperature

2

\ 5
v, o= Eﬁ + XE~ + V%- (lp grad V)2 (61)

The product gp grad V can be calculated from Egs. (39) and (40)
since the ambipolar diffusion region is very nearly neutral, so that

Np ® N, + Np. For a spherical sheath,

i z

- grad Vv, B . 2 n 265 Vg (62)
J% © 72 b V§-(l + YQ
Yp

for sheath-arca-limited current and less for orbital-motion-limited cur-
rent. If the electron temperature is equal to the gas temperature, this
means according to Eq. (62) +that the ion temperature exceeds the gas
temperature by three per cent or less. Assumption of a cylindrical sheath
leads in this case to the same result. As long as the negative-particle
temperature is approximately equal to the gas temperature, the increase

in positive-ion temperature in the diffusion region is insignificant.



36

The methods for calculation of positive-ion density that were
given in the preceding sections assumed an ion density at the sheath edge
independent of the collector potential. In a cylindrical geometry this
condition is not satisfied even if the collector radius is very smell (Eq.
60), and the slope of the various plots used will not be so simply related
to the positive-ion density at the sheath edge as indicated by Eqs. (18)
and (27). However, if the space potential can be determined from other
data, such as the negative-particle current, and the current is known to
be limited by orbital motion, the sheath-edge positive-ion concentration
can be calculated for every point on the probe characteristic. The drop
in the diffusion region can then be obtained from Eq.(57).

When the current is limited by sheath area Eq. (27) in our pro-

cedure is invalidated because

a(1log 1 d(log i)
d(lgg v§ # d(1log 7) (©)
Instead we have
i = in . Na + A (6)4‘)
d(log 1
d(log ip) } d(log V) (65)
" q(log i)

Since i, = ¥ we can find

d(log Ng) d(log Ng) d(log Ng) o dNg

d(log 1) ~ d(log ¥) =~ d(log &) N, da (66)
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from Eq. (57). Since the two unknown verisbles Ny and ¥ are related to
the observed quantities i and V by transcendental equations, numerical or
graphical solutions have to be used. A zero-order approximation of Ng
may be obtained from Eq. (27) and Fig. 4 by considering No independent of
a, and first and higher-order approximations by using the lower-order N,

and 7 in Egs. (57), (66), (65), and (27).
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GENERAL DISCUSSION OF, THE IONOSPIERE PROBE

The application of the bipolar probe to the determination of
the characteristics of the E-layer of the ionosphere will be discussed
in general terms in this section. After presentation of some preliminary
experimental results a number of sources of error and design precautions
to minimize these will be considered in the next section.

The first consideration is choice of geometry. Analytical solu-
tions of reasonably modest complexity exist only for three typical geometries:
plane, circularly cylindrical, and spherical. The choice of a cylindrical
arrangenent has been anticipated in the preceding presentation, for rather
obvious reasons: It is structurally adaptable to mounting on a rocket, and
it has proved its worth during meny years of application to gas~discharge
tubes, primarily as single probes but to a lesser extent also as bipolar
probes.15 The structural difficulty connected with the cylindrical probe
is the demand that it be long, not only compared to its diameter, but com-
pared to the sheath diameter. This demand can be somewhat relaxed, if
guard electrodes are used, maintained at the same potential as the collec-
tors and protecting the latter from most of the currents caused by the non-
cylindrical field at the ends. TFor any measurements of more than order-of-
magnitude accuracy with a structure of practical dimensions, such guard
electrodes are mandatory. When guard electrodes are used irq % -ipp, and
two currents have to be measured rather than one (Fig. 9). The procedure
for reduction of date will be the same as described above, however, since
single-probe approximations were used throughout. Dr. Eric Beth has brought

to the authors' attention a suggestion to elaborate the guard-electrode system
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FIG. 9
BIPOLAR-PROBE SYSTEM WITH GUARD ELECTRODES

by subdividing the collectors further and measuring the current collection
of each individual section; the approximation to proportionality between
current collected and axial length would show how closely the sheath geom-
etry approached a cylindrical one. 'Whether or not such an elaborate arrange-
ment can be used on future flights will probably be determined by practical
considerations, such as available telemetering channel space.

The second problem in collector design concerns the choice of
collector diameters. According to the single-probe theory discussed in a
preceding section a combination of a sheath-arcea-limited collector and an
orbvital-motion-limited collector would have the merit of giving explicit
information of both positive~ion density and positive-ion temperature. In
order to apply this design criterion we determine from Fig. 3 the transition

point between sheath-area-limited current and orbital-motion-limited current:

T
D 0.7 x 107+, (67)

i
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Thus, if the maximum value of Np i 1012 per cubic meter and Tp
= 300°K, the radius of the collector must be smaller than 2 mm in order
to give orbital-motion-limited current. The design of such a probe for
mounting on a rocket with appropriate guard electrodes meets with struc-
tural problems; also, the current collected will be so small that errors
due to leakage, drift, etc., may become appreciable. However, these
difficulties may not be insurmountable.

These design considerations appear in a somewhat different light
when the ambipolar diffusion is taken into account. An accurate knowledge
of the positive-ion concentration at the sheath edge is of no particular
value unless the drop in concentration from ambipolar diffusion can be de-
termined with comparable accuracy. This drop is negligible in a spherical
geometry if the sheath radius is small compared to four times the mean
free path of the ions at the transition point between the orbital-motion-
limited and the sheath-area-limited current (Eqs.53 and 5#). The criter-
ion in a spherical geometry corresponding to the cylindrical-geometry cri-
terion given in Eq.(67) has not yet been worked out by the authors, but
most likely the radius of the spherical probe will be larger but of the
same general order of magnitude as that of a cylindrical probe, say 5 to
10 mm. The practical difficulties connected with such a probe will be
even larger than in the case of the cylindrical probe.

The ambipolar diffusion furnishes an additional reason for de-
signing a cylindrical probe for orbitel-motion-limited current, because
then the ion-density calculation breaks down into two independent opera-
tions, one for the sheath and one for the diffusion region, while & sheath-

area-limited probe gives simultaneous transcendental equations that have
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to be golved by successive approximations. Since the design of a probe
that has orbital-motion-limited current at all altitudes appears to meet
practical difficulties, an additional collector whose current is always
limited by sheath area will be helpful to bridge the transition region of
the sniall probe. At this point it becomes evident that the plan to deter-
mine the ion temperature from the data of two collectors should be abandoned,
since the introduction of another variable in the diffusion problem makes
the computation hopelessly complicated. Since it appears that the approxi-
nate temperature equilibrium in the ionosphere is or can be established
from other experimental data, this is not a very important sacrifice. Actu-
ally the negative-particle-energy distribution indicated by the part B-C
of the probe curvec (Figs. 7 and 3) may prove that such en equilibrium pre-
vails; it is difficult to imegine circumstances under which the positive
ions have substantially higher energies than the electrons.

The diffusion theory is only approximate; consequently experi-
mental verification is required on several points before any ion concentra-
tions calculated from bipolar-probe measurements can be accepted with con-

fidence in their accuracy. The diffusion coefficient (Eq.50) and the mean

free path of the positive ions at 250-300°K should be measured in the lobora-

tory under conditions resembling those in the ionosphere as closely as pos-

sible. Knowledge of the volume recombination coefficient is also required

in the cylindrical diffusion problem but not in the spherical one; it is

at least roughly known from radio-propagation measurements.
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PRELIMINARY EXPERIMENTAL RESULTS

A. Flight Data and Equipment

The previous presentation hes been based on a nurber of idealiza-
tions and assumptions that can be reliably justified or improved only by
careful comparison of experimental observations and theoretical predictions
or, possibly, by an interpretation of data in terms of a revised set of
assumptions.

There have becn thrce V-2 rockets on which probes were carried.
The main purpose of the participation of the University of Michigan in
these flights was to measure pressure and temperature in the upper atmos-
phere, so that the probe was to some extent in the position of a stepchild.
Considerations of space and weight made it neécessary to use a rather crude
probe configuration, so that accurate determination of the E-layer char-
acteristics was out of the question. The main purpose of including the
probe was to prove that the scheme was workable and to gain experience
in the various instrumentation problems connected with it. It was hoped
that an attempt to reduce the data would show them to be compatible with
results obtained from radio-propagation measurements and give valuable
hints about secondary phenomena, sources of error, etc. These hopes have
been completely justified.

Of the three V-2 firings, November, 1946, February, 1947, and
December, 1947, only the last one provided‘data that could be considered
gsuitable for analysis. Instrumentation difficulties and rocket spin made
the data from the earlier two flights nearly completely worthless. The
following will therefore concern the December 1947 flight only. Fig. 10

shows the nose piece of the rocket carrying five ionization guages and a
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probe. To reduce drag and protect the gauges at low altitudes., the nose
picce wags covered by a smooth cone, which was split and thrown off at an
altitude of 49 lm. The probe (collector No. 1) was a ring in the shape
of a truncated cone mounted on insulators at the top of the nogse picce.
The requirements imposed by the pressure measurenments left room only for
this very short probe which does not by far approach the long cylinder de-
sirable for the purpose of recucing the data by means of formulas derived
Tor an ideally cylindrical geonetry. The approximate dimensions can be

seen from the scale at the bottom of the figure. The scanning saw-tooth~

voltage gencrator had a period of 0.6 sccond and an anplitude of x 20 vwlts.,
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This voltage was applied between the probe and the nose piece (collector
No. 2). A sensitive electronic measuring circuit was used to reccord the
current flow between the collectors. The instantaneous value of this cur-
rent was transmitted to a recording oscillopraph on the ground by means

of a radio telemetering system.

The resulting current-versus-voltage oscillogram was transformed
into a set of volt-ampere curves, representative samples of which are
shown in Figs. 11-14. The saw-tooth voltage was not continuously measured
but was assumed to vary linearly with time within each cycle and to main-
tain its amplitude constent. Ixperiments have confirmed the linearity

within 10 per cent in the range T 15 volts. The trajectory of the rocket
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was recorded simulteneously from a radar station, so that the correct al-
titude could be associated with each volt-ampere curve. The radar data
from the December 1947 flight are shown in Fig. 15. This is a plot of
the radar trajectory with the time elapsed since the firing indicated ev-
ery 10 seconds on the curve, Information concerning rocket aspect, total
velocity, mean free path, and air density is also shown. It can be seen
that the rocket attained a maximum altitude of only 103.5 km, which is ap-
preciably below that anticipated for the probe measurements. The teleme-
tering record shows that the probe current remained too small to be meas-
ured until an altitude of about 70 km was reached. From there on, readable
currents were observed for the positive swing of the probe voltage (i.e.,
voltage on collector No. 1) during each scan. This is an indication of
measurable positive-ion collection by collector No. 2 (the rocket itself)

above 70 km., It was not until an altitude of about 98 km was reached that
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reasonably accurately readable currents were observed during the nega-
tive swing of the probe voltage. This indicates that at this altitude
the positive-ion collection to the probe or small collector became meas-
ureble. Of course, the surface area of No. 2 collector was very much
greater than that of the small No. 1 collector. As the rocket passed the
crest the data show quite unexpected variations, the outstanding effect
being that the positive-swing current dropped to zero. At passage of the
rocket over the crest two of the five pressure gauges mounted adjacent to
the probe (see Fig. 9) indicated a rapid drop in air density, which shows
that the air about the nose piece was violently disturbed by the presence
of the rocket. Under such conditions the collector current is difficult
to predict, and the subsequent data are useless for determination of the
constants of the ionosphere. The range of utilizable data is indicated
by the rectanguler inset in Fig. 10; the enlarged inset shows the range
for which experimental volt-ampere curves were taken as well as the approx-
imate rocket aspect at that time.

It should be stated here that even the data above characterized
as "utilizable" must be expected to deviate considerably from the rela-
tions developed in the preceding sections. The most obvious reasons for
this are the noncylindrical geometry and the overlapping of the electric
fields from the two collectors. Other reasons, such as non-Maxwellian
velocity distributions of electrons and ions, may exist, however, and more
than one interpretation of the data is certainly possible. TIn an advance
publicationl7 two of the present authors presented a tentative interpre-
tation in terms of electron and ion temperatures considerably higher than

those expected in the undisturbed ionosphere and an electron drift velocity
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superposed on the Maxwellian distribution. The main supporting evidence
for this interpretation was the difference of potential of about two volts
between the collectors at the sharp bend in the probe curve and the slope
and curvature of the curves of log i, vs.8V. (See Appendix III, Fig 37 .)
However, the error in the assumed voltage variation along the saw tooth
plus contact potentials in the collector circuit may very well amount to
two volts. The fact that this difference of potential remains nearly con-
stant while the ion and electron densities vary several orders of magni-
tude makes an instrumental origin much more probable than an ionospheric
one. The variation of the negative-particle current with potential d4if-
ference, on the other hand, is necessarily strongly influenced by the in-
teraction of the sheaths and diffusion regions of the two collectors; de-
viations from the ideal theory are consequently not surprising. In short,
the evidence supporting an interpretation in considerable disagreement
with the prevalent opinion about the characteristics of the E-layer is
weak. After careful consideration of the errors and uncertainties in-
volved in the ecxperiment the authors have arrived at a different inter-
pretation which is given below. It is by no means complete, and it
leaves many questions unanswered. We still have to revise some of our
assumptions of the characteristics of the E-layer in order to bring this
interpretation in order-of-magnitude agreement with the electron density
data obtained by other methods, but the revisions are less drastic and re-
portedly supported by other independent evidence.*

Returning to Fig. 15, it is seen that the molecular mean Ifree

path varies from about 6 cm to 11 cm within the altitude range of interest.

* The authors are indebted to Dr. Zric Beth for information regarding rele-
vant material presented at a seminar at AMC Cambridge Research Laboratories
in the summer of 1950.
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These figures are based on the pressures simultaneously recorded by the
ionization gauges.

It is clear that the geometry of the probe and the sheaths, being
far from cylindrical, does not permit more than an order-of-magnitude cal-
culation of E-layer constants. Nonetheless, it may be worthwhile to dis-
cuss the edge effects and see if some rough corrections can be made. If
we wish to use the cylindrical theory, an "effective length" of the col-
lector, larger than the actual length, has to be used in the computations.
The added length should be a function of the sheath thickness or of the

difference between the thickness of the probe-sheath and the rocket-sheath

thickness.
Lee = 4 +27 (a1 - ap) (68)

where 2’ is a factor of the order of unity; in the calculations quoted
below the value 1.0 has been used.

When the correction becomes large there is very little Jjustifi-
cation for using the cylindrical theory at all. Since there is a ten-
dency for unipolar fields to become spherical far from their source in
terms of the dimensions of this source, the use of the theory of a spheri-
cal probe has been considered and some calculations have been made for com-
parison. The presence of the large collector, the rocket itself, prevents
the field from the small probe from assuming spherical shape. Because
the latter is located at the extreme tip of the rocket, however, the field
may approach spherical shape over a considerable solid angle. The relations

for a spherical probe that correspond to Zgs. (17) and (27) are

n = 1+ 79 (69)
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a [1og (-a)g] _ d(log 7) = 3. 1A 5 (70)
d(log 7) d(log 7) vdi

»]

2 2
where (-&)” is a function of ¥ = a/r analogous to (-3) , also tabulated

by Lengmuir and Blodgett. A plot of the left member of Eq.(70) as a
function of ¥ is shown in Fig. 16.

Another uncertain element in the reduction of data from the
December 1947 flight is the area A2 of the large collector, that is, the
rocket itself. It appears probable that the paint covering the main body
of the rocket was a sufficiently good insulator to reduce the effective area
to that of the nose piece. Because of the uncertainty this introduces no
uge can be made of the data obtained for large positive values of the saw-
tooth voltage.

The evaluation of the preliminary data obtained from the December,
1947, flight involves two essential operations: calculation of the E-layer
characteristics from the data, and a check whether or not the data as a whole
are in agreement with theory. If not, reasonable explanations of the
deviations should be found. The latter of the two operations can in this
case only be qualitative, but it is nonetheless essential in order to
establish confidence in the bipolar-probe method as a tool for exploration
of the lonosphere.

The two operations are so closely related that they cammot be
treated separately. The presentation of the results will, therefore, be
accompanied by the discussion of the expected or unexpected character of

the data as their relationships suggest.

B. Negative Probe Current and Positive-Ion Density

In order to get an order-of-magnitude estimate of the ion density

in the E-layer from the data collected on the December, 1947, flight, the
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previously reviewed methods of computation have been used under different
sets of idealized assumed conditions. The results will be presented and
discussed in this section. The areas of the data will be selected where
one or the other of the sets of assumptions leads to the best approximation.

The alternative conditions covered by the computations are as

follows:

a) Cylindrical geometry, effective length of probe according
to Eq.(ﬁo) (] = 1), current limited by sheath area, ion
temperature 300°K

b) Same as condition a), except for a positive-ion temperature
of 3000°K

¢) Cylindrical geometry, effective length of probe arbitrarily
assumed to be 13 cm, current limited by orbital motion.

d) Spherical geometry, current limited by sheath area, ion
temperature 300°K

e) Same as condition d), except for an ion temperature of 3000°K

f) Spherical geometry, current limited by orbital motion, ion
temperature 300°K

The data utilized at each altitude are the coordinates and slope

of the probe characteristics at §V = -~10 volts. The prcbe potential,

however, must be referred to space potential rather than rocket potential.
If we assume that the electron temperature is only a few hundred degrees
Kelvin, the space potential will differ only by a few tenths of a voll
from the probe potential for which the sharp upward bend in the curve
occurs. At 8V = -10 volts the actual probe potential is then roughly

-12 volts. The results are plotted in Fig. 17.
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According to Fig. 3 the transition between orbital-motion-limited

current and sheath-area-limited current in an ideal cylindrical geometry

takes place when

=)

£ 71 x 10°

It

NP r

(67)



For Tp = 300°K and r = 6 cm the critical ion density is 1.2 x 107;

it is ten times larger at 300°K. We should expect that the density-ve.-
altitude curves calculated under the assumption of orbital-motion-limited
current and sheath—area-limited current, respectively, should intersect
approximately at this critical density, where one solution is just as much
in error as the other. The data do not confirm this very well; the inter-
sections occur at densities 3 to 5 times higher. This could be taken as
an indication of higher ion temperature. As we shall sce later this is
not the most likely interpretation.

In order to get from the data presented in Fig. 17 an estimate of
the positive-ion concentration in the undisturbed E-layer, we should first
select the curves in this diagram that are likely to give the best appraxi-
mation of the sheath-edge ion concentration and then make the appropriate
correction for the drop in concentration in the ambipolar diffusion region.
When the sheath is very thin, the curve for a cylindrical probe at 300°K
is undoubtedly the best one. For larger sheath-thickness the spherical-
probe curve for 300°K may be a better approximation. At lower altitudes
the sheath-edge ion conceﬁtration can be expected to approach the values
given by the curve for an orbital-motion-limited probe. As pointed out
above, this curve appears<to give a somewhat too high concentration of
positive ions. This may be caused by a variation of the effective solid
angle of the spherical, or rather conical, flow to the probe. If this
angle increases when the probe sheath increases relative to the rocket
sheath, the slope of the probe curve for negative probe voltage would be
increased, thus giving too high positive-ion concentration when the ideal

spherical probe relation (Eq U41) is used for computation of ion concentration.
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Because of the short length of the probe we are justified in
using the spherical solution of the ambipolar diffusion to estimate the
drop in the positive-ion density from free space to the shealh edge. t
the altitude of 103.5 km the radius of the sheath of the small collector

was about 10 cm, and consequently Np %~ 1.25 N,. This is probably too

o)
low; despite its elongated shape the rocket itself is bound to modify

the flow of ions in the diffusion region. An oppositely extreme value can
be computed by considering the rocket equivalent to & sphere with the same
area. Its radius would be 1.6 m and its sheath radius slightly larger,
say 1.75 m. Then Ny, & L.6 N,. The actual value is probebly between
1.5 and 2.

The described process of selecting the most plausible values
from Fig. 17 and applying a rough correction for ambipolar diffusion
leads to the estimated positive-ion concentration shown in Fig. 18. At
the highest altitude a correction factor of 1.5 to 2 has been applied
to account for the drop caused by diffusion. This factor has been in-
creased slowly as the altitude is reduced. At the low end the concentra-
tion approaches asymptotically a curve somewhat lower than curve £ in
Fig. 17.

It is interesting to compare these preliminary results of ion-
ospheric probe measurements with the electron densities and E-layer alti-
tudes determined by radio-propagation tests. The ionosphere recorders
at White Sands, New Mexico, at 2:30 p.m. on December 8, 1947, i.e., at
the time and place of the rocket firing, indicated an E-layer virtual
height of 110 km and a corresponding critical frequency of 3.4 mc, or

11

a meximum electron density of 1.45 x 10~ per mj. This is roughly 1/10
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of the maximum positive-ion density obtained from the probe data. rude

as these first probe tests are, careful study of the interpretation mekes
it seem unlikely that one should discount completely this evidence that
either the positive-ion density appreciably exceeds the electron density
or the ion temperature is considerably higher than the gas temperature.
It has long been assumed thet only a negligible number of negative ions,
compared to the number of electrons, exist in the E-layer. This assump-
tion has recently been questioned, however, and other evidence for a con-
giderable concentration of negative ions has been reported. It appears,

therefore, that the most probable explanation of the discrepancy between
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the anticipated and the observed concentration of positive ions is an
unexpected abundance of negative ions.

In this analysis the motion of the rocket relative to the air
hag been disregarded. Actually the rocket had a velocity component per-
pendicular to its axis of about 150 m/sec. Since the mean thermal velo-
city of the positive ions is about 390 m/sec, the relative motion is not
negligible, but it is a minor factor in comparison with the uncertainties
introduced by the imperfect geometry, the limited accuracy of the diffusion
theory, etc.

The positive-ion-concentration data from the descent differ rather
radically from those recorded during the ascent. This fact will be dis-
cussed later in connection with other anomalies of the probe characteristics

for the descent.

C. Positive Probe Current and Electron Energy.

The part B-C of the volt-ampere characteristics of an ideal probe
(Fig. 8) can be separated into a positive-ion-current curve and a negative-
particle-current curve, as pointed out in an earlier section (page 20). A
plot of the logarithm of the current vs. the probe potential is in cage of
temperature equilibrium a straight line with a slope inversely proportional

to the temperature (Eq. 29).%

* Johnson and Malter17 have criticized the discussion of electron energy
included in a preliminary publication of some material connected with
the present report.l9 Their criticism is largely justified as far as
the authors' speculation about a non-Maxwellian velocity distribution
is concerned. Even with a Maxwellian distribution the log 1,-vs.-V plot
could hardly be expected to be linear over so wide a range as that shown
in a diagram in the preliminary publication, despite the very large ratio
of the collector arecas. The main reason, however, is the unfavorable
geometry and consequent overlap of sheaths and diffusion zones. If
Johnson and Malter mcan to imply thet a method like theirs would glve
better results, this is contradicted by the data. The positive part
of the probe curve is mostly of such a shape that it is not possible
to separate the positive and negative collection components 1o the
large collector with any rcasonable degree of certainty.
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The probe used on the December, 1947, flight was by no means
an ideal one, and thesec plots do not very well approximate straight lines.
Use of the meximm slope close to the foot of the electron-current curve

sives an "electron temperature" that varies with altitude as shown in Fig. 19.
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This result differs from the ideally expected one in several imporvant re-
spects. The same temperature should be observed at any specific altitude
whether the rocket is ascending or descending, and its value should not
differ appreciably from the gas temperature; the temperature equilibrium
has been fairly well confirmed by quantitative observations of the '"Lux-
embourg effect”. The negative-particle current shows additional peculi-
arities: at low altitudes it is comsiderably larger than predicted on the
basis of Bq (1)) and the positive~ion density calculated in the previous

section. The current observed at positive values of &8V actually decreases
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as the positive-ion denmsity increases (see Figs. 12, 13, 1k, 20).
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The two main causes of these deviations from the ideal probe
theory are believed to be, in addition to the non-cylindrical geometry pre-
viously discussed: distortion of the fields and sheaths because of the
proximity of the two collectors, and the aerodynamic disturbance caused
by the motion of the rocket. The former factor is helpful to explain the
results obtained during the ascent; the different behavior during the de-
gcent is ascribed to the latter cause. (Fig. 22)

When the lon density is small, so that the sheath thickness is
large, the small collector is for a certain range of potentialsbcompletely
immersed in the sheath of the large collector. As an illustration, Fig. 22
shows a qualitative map of the equipotentials associated with a small elec-

trode close to the surface of a large electrode in the absence of space
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charge. If the large electrode has a nepative potential with respect to
space, and the potential of the small electrode is positive or closer to
the space potential, the potential has a '"saddle point" (P) outside the
small electrode, so that an electron reaching this electrode must have
passed through a potential minimum. Whether or not an electron will reach
the small electrode depends on the depth of this minimum rather than on
the electrode potential. Under such conditions Eq. (11) does not give
the collector current. Because of the accelerating field inside the po-
tential minumum a very large fraction of all electrons that penetrate the
minimum will reach the electrode. The number of electrons exposed to this
accelerating field will be proportional to the "effective area" of the po-
tential minimum. The negative potential of the large electrode, in other
words, has the effect of focusing the electrons on the small electrode.
This is a possible explanation to the observed electron currents that at
the lower altitudes are considerably larger than predicted from Eq. (11).
Since the potential at the minimum varies more slowly than in direct pro-
portion to the potential of the small electrode, the plot of log i, vs. col-
lector potential will give too small a slope and too high an apparent tem-
perature. As the altitude increases, the sheath thickness decreases, and
the errors produced by interactions between the sheaths become negligible.
Even at the highest altitude attained by this rocket the value of the
"electron temperature" calculated from the data is higher than expected,
about 1000°K instead of about 300°K. An error of this magnitude could,
however, very well be introduced in the calibration and in the process of
reducing the data. The resistance of the current-measuring circuit is ap-

preciable, and the correction of the slope for this instrumental error
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consequently involves taking the difference between approximately equal
numbers with considerable logs in accuracy as a result (see Appendix II).
These first crude measurements by means of a bipolar probe thus neither
confirm nor contradict the electron temperatures calculated from other ob-
servations, although the method certainly is potentially capable of a ruch
more accurate answer than so far obtained.

The rocket had a considerable horizontal velocity component; close
to the apex of the trajectory the motion was consequently nearly horizontal,
and the air surrounding the probe was violently disturbed. Just beyond
the apex the ionization gauge on the axis as well as one of the side gauges
read a pressure lower than that read by the other gauges by a factor of ten.
The correlation between the anomalous probe characteristics (Fig. 1) and
this disturbance suggests a causal connection. That the correlation is not
a coincidence is indicated by the fact that a very similar correlation was
observed an appreciable time before the apex of an earlier flight, February,
1947, in this case probably caused by a strong wind hitting the rocket at
that moment. That time (Fig. 23) the positive probe current was not com-

pletely wiped out as it was in Fig. 14, but the sharp upward bend in the

FIG.23
PROBE CURRENT VS, PROBE VOLTAGE
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probe curve disappeared and was replaced by a gentle slope. The nose gauge
and two of the side gauges showed a sudden drop in pressure, the former by a
factor of 10, the latter by factors of 5 and 2, respectively. Evidently the
rocket axis was slightly inclined from the vertical, and the wind hit from
the tail end. The instantaneous drcp in pressures makes it very unlikely
that the earlier cavitation on one side of the nose piece as compared to the
December 8, 1947 flight was solely due to a different rocket aspect; in con-
trast the pressure differential between the various gauges about the nose

on the December 8 flight formed quite gradually.

The most remarkable fact about the Fig. 14 and Fig. 23 data is the
high particle energy involved. In Fig. 1k it is seen that a current is forced
through the system against an opposing voltage of up to 20 volts. Temperature
rises caused by adiabatic compression or viscous friction in the boundary lay-
er are obviously inadequate to explain energies of this order of magnitude.
Local electric fields produced by density gradients or by the rapid flow of
plasma through the earth's magnetic field are too small to accelerate the
electrons appreciably during a single transit through the field. It is
necessary to look for a cumulative process whereby the same electrons are
repeatedly exposed to accelerating forces in the same disturbed region.

Bohm and Gross have shown that instability phenomens in a plasma may re-

sult in a considerable acceleration of a group of electrons.-0 The density
gradient of atoms and ions indicated by the large difference between the pres-
sures recorded by closely spaced ionization gauges may be a cause of

such instability. Another may be the mixing in the slip stream of the

rocket of plasma streams that have followed different paths about the rocket
and have different velocities and directions, Violent turbulence in the

plasma in conjunction with the earth's magnetic field will produce an
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equivalent electric field of rancdom direction and intensity. The viscosity
of the air and the magnetic field may keep the same group of electrons long
enough in the disturbed region to raise their temperature substantially, in
spite of the low intensity of the electric field. The fundamental reason
why the electron temperature can rise appreciably above the gas temperature
regardless of the frequent collisions of the electrons with gas molecules
is of course that the lower concentration of electrons 1s partly counter-
balanced by the smaller mass of the electron and the longer range of the
Coulomb electron-to-electron interactlon as compared to the electron-to-
molecule collision interaction. This enables the aggregate of electrons

to retain some of the increase in kinetic energy and gradually to build up
their temperature. The electrons accelerated by such processes would make
the potential of both collectors more negative with respect to the plasma,
thus increasing the positive-ion current above the value observed at the
same altitude during the ascent. The geometry of the collectors and the
asyrmetry of the electron and ion flow may very well explain the fact that
the net current to the small collector in Fig. 14 is negative even when
this electrode has a higher potential than.the other.

During the ascent a similar phenomenon could be expected to occur
at the tail of the rockei. Since this part of the rocket was covered with
paint it is not too surprising that the probe characteristics do not reveal
its presence then.

Alfven has described another mechanism by which charged particles
in a plasma can be considerably accelera'bed.21 Charged particles that

because of their thermal energy describe helical paths along the lines of

force of a magnetic field and during part of each loop pass through a stream



€6

that has an appreciable velocity relative to the surrounding plasma may
be gradually accclerated by the electric field caused by the polarization
of the stream. This process does not scem to fit our case, since it re-
quires a mean free path of the electrons several hundred times the length
of one loop of‘their orbits.

One of the unknown quantities entering the calculation presented
here is the ratio of negative-ion to clectron concentration. It has been
pointed out above that if we accept the agsumption of temperature equilib-
rium a conmparison between the positive-ion concentration indicated by the
probc data and the electron concentration determined by radio-propagation
tests suggests that this ratio is considerably larger than unity. Some
qualitative observations may be made regarding this ratio outside the al-
titude range of reducible data. When the first trace of a probe current
appears, at a littlec more than 60-km altitude, the oscillograms arc nearly
antisyrmetrical; no step indicating electron current is observed. This
would mean that the negative charge is carried nearly exclusively by ions.
The electron current begins to appear at about 70-km altitude. Similar
observations are made during descent; the ion current, however, isc larger
at the same altitude. Also the electron current is observable to a some-
what lower altitude during descent.

It should be pointed out that the interpretation of the first
antisyrmetrical probe curves in terms of positive and negative ions ig not
the only possible one. For instance, photoelectrons emitted from both
collectors and collected at a different rate, depending on the difference
of potential between the cocllectors, could possibly give a curve of this
type. This interpretation is less probable; the large ratio between the

photoenissive areas would upset the antisyrmetry. Also, it would have to



be a pure coincidence that this phenomenon occurs suddenly Jjust before

the ordinery asymmetric probe curves begin to appear.
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CONCLUS IONS

The most important question that this report attempts to answer
is whether or not a bipolar probe on a rocket can be so designed that the
data obtained will substantially contribute to our knowledge of the atmos-
pheric strata between 60 and 200 km.

We believe that the material presented in this report justifies
an affirmative answer. The most questionable point in the reduction of
the observed data is the correction for the ambipolar diffusion. In
the transition region between the unipolar sheath and the region of ambi-
polar diffusion neither of the assumptions made in the analysis of these
two regions holds. This, of course, affects all probe measurements, and
it is not felt that the errors introduced by this circumstance are pro-
hibitive. However, independent experimental determination of diffusion
coefficient, mean free path, and volume recombination coefficient is a
prerequisite for the eccurate reduction of data from the probe measurements.

A detailed discussion of all systematic errors affecting probe
measurements in general has been omitted in this report. The subject has
been carefully considered and the data have been examined for evidence of
their presence. In the present set of data they are certainly small com-
pared to the uncertainties introduced by the imperfect geometry and the
interaction between the collectors.

The preliminary exploratory character of the first bipolar-probe
experiments does not permit any firm conclusions from the data obtained
about the characteristics of the ionospheric E-layer. The negetive-
particle energy data are not incompatible with an approximate temperature

equilibriunm,
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The positive-ion densities cstimated from the data are more

likely to be too low than too high; if they are not too high, the positive-

ion density exceeds the electron density as measured by radio-propagation
methods at least by one order of magnitude. Since it has generally been
assumed until quite recently that the ratio of negative-ion concentration
to electron concentration is of the order of 0.1 per cent, it would mean
that future bipolar-probe tests would be very much worth while for the
purpose of settling this question.

The ion density computed from the probe data shows marked ran-
don fluctuations with time, but no attempt is at present justified to de-
cide whether this can be altogether attributed to random errors in calibra-
tion, telemetering, reading, and reduction of data, or whether it is at
least partly caused by passage of the rocket through ion clouds of varying

density.
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APPENDIX I

PROCEDURE FOR DETERMINING PROBE CURRENT AND VOLTAGE

FROM TELEMETERING RECORD

Probe Current

To illustrate the procedure used in reducing the telemetering
data, & sample calculation of the probe current will be made. TFor this
purpose, frequent reference will be made to Fig. 24, which shows Channels
3 and 4 of the Telemetering Record No. 1.

Pogition 2 of Channel > is the variable-voltage-probe current,
and position 3 is a 3.l-volt calibration voltage. Position 4 is ground.
Channel 4 is the variable-voltage-probe current.

In order to measure distances on the telemetering record, a
glass plate with a superimposed grid of horizontal and vertical lines
was used. The numerical marking of the grid is arbitrary, but the cali-

bration curves were made on the bagis of this same system of units.

GRID

16.60 I
L] CHANNEL 3
14.15 2 (CALIBRATION VOLTAGES)
6 A
el 5
e L
————-l-'-‘-e-gm-—an——-n——-u——n—-mwtm —-m] — __GROUND

192 CYCLE
RIPPLE
bmwmmnwh CHANNEL 4
‘_“\\L‘ws (PROBE CURRENT)
CHANNEL 4

0 105 9 10 14 REFERENCE LINE

D CORRESPONDS TO. APPROXIMATELY 0.6 SEC.

FIG. 24
SAMPLE OF TELEMETER RECORD
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In Fig. 24, the grid is shown in position on the telemetering
record at 161 seconds. All straight lines in this figure belong to the
grid. The horizontal zero line of the grid is placed on top of the ref-
erence line of Channel 4. Vertical grid line No. 1% is placed on the
right end of the probe-current pulse in Channel 4. The right end was
used as a reference, since it is more sharply defined than the left end,
being relatively free of trensients.

All vertical distance readings are taken to the average value
of the 192-cycle ripple. (This 192-cycle ripple is due to the fact that
each of the 23 channels is sampled at a rate of 192 times per second.)
Readings are made to the nearest half division of the grid, or 0.05 arbi-
trary units.

The vertical distance to position 3 (3.1-volt calibration volt-
age) is found to be 16.60 units. The distance to the ground or zero-
voltage pulse is 11.60 units. Thus, 3.1 volts corresponds to 5.0 units
in the calibration chamnel. From the "calibration of Channel 3" curve,

Fig. 25, it is seen that 3.1 volts should correspond to 5.3 units.

6
FiG. 25
CALIBRATION OF CALIBRATION CHANNEL NO, 3
MEASURING FROM ZERO LINE OF CALIBRATION
5 CHANNEL WITH PROBE GRID, RECORD NO, 1 //
DEC.8, 1947 FIRING P
/ ~
4 —
g
33 ,/’
>° /r
A
////V
2 7
v///,
i
N
v
0% ] ; Z 5 : 7 ] :

DISTANCE
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Therefore, distances in the calibration channel are multiplied by the fac-
tor 5.3/5.0 to obtain the corrected reading. This, of course, assumes &
linear error.

At the horizontal distance 9, position 2, vertical distance is
read as 14.15 units. The distance above the ground line is therefore 2.55
units. The corrected distance is then 2.55 (5.3/5.0) = 2.70. From Fig.
25, the corresponding voltage is found to be 1.65 volts.

From Fig. 26, the calibration curve of the probe channel, 1.65
volts is seen to correspond to a distance of 3.95 units. By actual meas-
urement in Channel 4, the distance is found to be 4.05 units. All grid
readings must therefore be multiplied by 5.95/h.05 = 0.975 to obtain the

corrected reading. Again linear error is assumed.

FIG. 26

CALIBRATION OF PROBE CHANNEL
MEASURING FROM PROBE BASE

o

LINE WITH PROBE GRID ]
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4 //AZF
1
. e
.
3 L~
>
2 //
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/’/,
f P
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7
/
0
] 2 3 Py 5 6 7 8 9 10

CORRECTED VERTICAL DISTANCE

This calibration procedure is repeated et a horizontal distance
of 10 units, and for this case the correction factor was found to be 1.00.

The average of the two correction factors is then used to correct all the
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vertical distances on this cycle. The currents corresponding to these cor-
rected distances are then read from Figs. 27, 28, and 29, which plot verti-

cal distance vs. probe current.

300 FIG. 27 ,

200 , DISTANCE WITH PROBE GRID
3 MEASURED FROM REFERENCE
\ LINE VS. PROBE CURRENT
\ DEC. 8, 1947 FIRING
100
80 N
60 \\
o N\
I&J 40 V
g 30 N
= \
g
[«]
& 20 \
=
= ELECTRON CURRENT
= (NEGATIVE)
E o .
£ s
4 \
3 \
\
; \
4 \
\
3 \
2 \
. \

o | 2 3 4 5 6
DISTANCE

Probe Voltage

The total horizontal length of each cycle D corresponds to a
voltage difference of 40.8 volts, from -20.% to +20.4. The voltage-
distance relationship is assumed to be linear. To find the voltage at
any point, x, the horizontal grid scale is read at that point. This
distance 1is subtracted from 14, the width of the probe grid, to obtain
the quantity y. The lengfh D is taken as the distance from the end of
the preceding cycle (1.05 on the grid in this case) to the end of the
cycle being measured (14)., -Then D = 14 - 1.05 = 12.95. The ratio y/D

is computed, and the voltage at point x is calculated as &V = (0.5 -

y/D) 40.8 volts.
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ION CURRENT

ELECTRON CURRENT

CURRENT IN MICROAMPERES
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APPENDIX IT

CORRECTION OF PROBE VOLTAGE

FOR RESISTANCE IN MEASURING CIRCUITS

The difference in potential between the probe and the missile
differs from the potentiometer voltage by the voltage drop across the
input of the cathode follower of the measuring circuit. As may be seen
from the circuit diagram of Fig. 30, this drop will be dependent on the
probe current and the characteristics of the diodes and bias batteries
in the range-switching circuit. In the preflight calibration of this
circuit, the output voltage was measured as a function of input current,
but no measurements were made of the input voltage. Since the equipment
was destroyed, no possibility exists to obtﬁin this voltage correction
directly, so two alternatives are available. One is to reconstruct the
input circuit and measure its voltage drop as & function of input cur-
rent. However, this method will give results which are extremely de-

pendent on the characteristics of the two range-switching diodes. It

Z:iXPROBE
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EF——| +105V
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2 6ALS )| =% o
:ano K |———»— TELEMETERING
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L57V 1
S
I S
.56V Ssson
S

<
b

s
S 100K
s
3

$6ALS

22.5-26K

== MISSILE GROUND

FiG. 30
PROBE CIRCUIT (DEC.8,1947 FIRING)
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is thought that the actual circuit characteristics can be more accurately
reconstructed from the input-current—output-voltage calibretion curve and
measurements on a reproduction of the cathode-follower stage, for which
relatively accurate circuit values were measured at White Sands prior to
the firing. These values, including voltages, are indicated in the dia-
gram of Fig. 30.

The cathode-follower stage was set up in the laboratory using
the constants given, with a l-megohm input resistor, and the output voltege
vs. input voltage was measured (see Fig. 31). Then, using the input-current-
vs.-output-voltage calibration (Fig. 32), an approximate probe-current-vs.-
input-voltage-drop characteristic can be determined (Figs. 33 and 34). This

is the voltage correction that is applied to the potentiometer voltage.

6
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It is observed that the voltage correction has a very noticeable
effect on the calculated electron temperature, reducing the temperature as
calculated without corrections by a factor of approximately two. The cor-

rection also reduces the scattering of the data.
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APPENDIX III

THE FIRST TENTATIVE INTERPRETATION OF THE

DATA FROM THE DECEMBER, 1947 FLIGHT

In order to arrive at an agreement between the positive-ion den-
sity calculated from the datea and the electron density obtained from radio-
propagation tests, it was necessary in the discussion of results presented
in the main body of this report to assume that the ratio of the density of
negative ions to that of electrons was much larger than is generally expec-
ted. In an earlier attempt at an interpretation of the datel? this agree-
ment was reached by giving up the idea of an approximate temperature equi-
librium in the E-layer and ascribing relatively high energies to the ions
and electrons. It wes believed that the data gave evidence not only of
such energies but also of a non-Maxwellian velocity distribution for the
electrons. As pointed out dbove, it is now the authofs' opinion that a
number of errors and uncertainties in the experiment were overlooked or
underestimated in the first evaluation of the data. For the sake of com-
pleteness, the theory on which this early interpretation was based is pre-
sented in this appendix.

The goal of this theory was to develop a formula with a suffi-
cient number of parameters and of a suitable functional form so that syn-
thetic volt-ampere curves could be produced identical to those observed.
The probe theory based on Maxwellian velocity distributions failed to do
so in two respects. The electron current to the small collector did not
become observable until the difference of potential between the collectors

was about +2 volts, while the Maxwellian theory predicted a few tenths of
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a volt. It was also consldered that the plots of the logarithm of the
observed electron current to the small collector vs. the collector dif-
ference of potential were not linear over as wide a range as predicted
on the same basis. A velocity distribution characterized by a uniform
drift velccity superposed on a Maxwellian velccity distribution was found
to give the desired result.

Proceeding from Eq, (2) in the review of the probe theory above,
we obtain the following expression for the current to a cylindrical col-

lector for such a velocity distribution of the particles:

14 (-~ 2 ]/2
i = él%// ae X exp[-(X-s cos 9)2] erf[(é—iﬁz> + 8 sgin 9]
k1d Ye_l
0 ;("7()1/2
2. \1P
+ erf\i(x—gﬂ) - 8 sin 9] dx (71)
7" -1

The notations are the same as those used previously in this re-
port. The random current density I is now referred to a coordinate system
moving with the drift velocity. The dimensionless quantity s is the ratio
of the drift velocity to the most probable velocity of the Maxwellian dis-
tribution. The drift velocity is assumed to be perpendicular to the axis
of the cylinder. © is the angle between the radius vector and the direc-
tion of the drift velocity. The distortion of the sheath from the shape
of & cylinder coaxial with the collector is assumed to be negligible. As
before, the second integration takes place between the limits O to eo for
an accelerating field and (-ﬂ)l/e to e for a retarding field in the sheath.

In the case of interest here, the potential of the collector is

negative with respect to space, so that a positive-ion sheath is formed.



81

The positive ions move in an accelerating field, while the electrons meet
a retarding field on entering the sheath.

If 8 = 0, the electron current 1s the same as previously ob-
tained:

1o = ATzl . (72)

When the drift is not negligible, an asymptotic expression for
Eq. 71 can be obtained by letting ¥ approach infinity. This case was
congidered in detail by Langmuir when, in addition, the drift parameter
s 1s approximately equal to or greater than ¢C;f} the result can be ex-

pressed in the following form:
o = 03841, V& Fi(A) , (73)

where

A= 8 - g (7h)

©®
2
Fl()\.) = -I;—(%ﬂ / \/J-(' e-(x-k) dx (75)
0

Here, as in Eq. 72, the current collection in a retarding field
is independent of the sheath thickness.

When the collector radius is large and the sheath thickness is
moderate or small, a different asymptotic solution is helpful. If ¥ ap-

proaches unity,Eq. 71 becomes

52
i = AlIgq e Moy s /X erf(-\) }' = AI, Fo(n,8) , (76)

valid for \/-r( >8 y1l.



82

Egs. 73 and 76 show that, when the electrons have an appre-
ciable drift velocity, a plot of log 1o ve. the collector potential or
-”e_cannot be expected to be & straight line as it is when Eq, 72 holds.
To demonstrate this, the graph in Fig. 35 presents the logerithm of the
right-hand side of Eq. 73 vs. qg for various values of the drift parame-
ter s. For large retarding potentials, the curves are approximately lin-
ear, but the slope is considerably smaller than when the drift is zero.
Interpreted on the basis of Eq. 72, they would be held to indicate a much

higher electron temperature then the one actually prevailing.
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THE LOGARITHM OF THE ELECTRON CURRENT VS.'THE POTENTIAL PARAMETER 7}

Another observable quantity of interest is the difference in
isolation potential between the two collectors, which is represented by
the intersection of the bipolar-probe volt-ampere curve with the voltage
exis. It is also & function of the temperature and drift velocity of

the electrons. Fig. 36 gives the isolation potentials of two cylindrical
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FIG. 36
EQUILIBRIUM POTENTIAL VS. ELECTRON DRIFT VELOCITY

collectors, one of large radius (¥ #» 1) and one of small radius (7 ~ ),
as a function of the electron drift velocity.

In this early interpretation of the data the collectors were
assumed to have ideally cylindrical geometry and no interaction between
sheaths., The density of negative ions was assumed negligible., The elec-
tron current to the small electrode was obtained by extrapolation of the
positive-ion current as previously described. The logarithm of the elec-
tron current is plotted in Fig. 37 for a few representative altitudes on
the ascent. It should be remembered that the data at this point had not

yet been corrected for the resistance of the measuring circuit.
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Due to the transcendental nature of Eq. 73, the drift velocity
and the electron temperature have to be found from the data by numerical
or graphical methods; for instance, by selecting a pair of values by trial
and error, checking them by calculating the electron current at two differ-
ent collector potentials, and comparing the result with the data. The elec-
tron density was taken equal to the positive-ion density determined from the
positive-ion current at higher negative collector potential. In this way
an electron temperature of 1500°K and a drift-velocity ratio s of approxi-
mately 6, or & drift velocity of roughly 1500 km/sec, wvere arrived at close
to the apex of the rocket trajectory. These figures agree also, at least
as far as the order of magnitude is concerned, with the observed difference
between the isolation potentials of the two collectors.

Incidentally, the sample probe curves shown in Figs. 7 and 8 were
calculated from the theory presented above, using the following "model" data:

density of positive lons and electrons lOll per m5; electron temperature
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5000°K; electron drift velocity 2 voltsl/e; area of collector No. 1 0.05
m®; and area of collector No. 2 0.8 n”.

This first interpretation of the data from the December 8, 1947
rocket flight was abandoned because the indications supporting it were con-
sidered too week to contradict evidence obtained elsewhere of an approximate
tenmperature equilibrium in the lower ionosphere. The imperfect collector
geometry, particularly the overlapping of sheaths and diffusion regions,
and the uncertainty in the collector potential caused by contact potentials
end imperfections in the potentiometer were the main factors considered.

Furthermore, the assumption of a convection-current density of the
order of megnitude consistent with this drift leads to other difficulties.
Diurnal variations of the terrestrial magnetic field caused by currents in
the E-layer are observable, but of a considerably smaller magnitude. Ac-
cording to the most successful theory, they are produced by "dynamo action"
in the earth's magnetic field caused by tidal and thermal motions of the
upper atmosphere. The veloclty involved in such motions may be an appre-
ciable fraction of the mean thermal velocity, but the accuracy of the
bipolar-probe measurements is certeinly not at present high enough to

Justify a correction for such a modest drift motion of ions and electroms..
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