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The Aerobee-Hi rocket, NASA 4.07, obtained vertical electron density profiles in the
ionosphere simultaneously by the Seddon CW propagation technique and by an RF im-

pedance probe technique.

probe against the accurate values from the CW method.

The experimental goal was to assess the performance of the RF

In the RF probe method, the

electron density N was derived from the dielectric constant K of the medium at a frequency

f=7.75 Mc/s.
ties may be given as K=1— (81N/f?).

the effects of the earth’s magnetic field is derived.

If the earth’s magnetic field is neglected, the relation between these quanti-
An expression for the dielectric constant including

The fractional error introduced by

neglecting the earth’s field is of the order of (fg/f)* where fg is the electron gyrofrequency.
It was concluded that, with allowance for the positive ion sheath around the rocket,

the RF impedance probe can yield reliable values of electron density.
obtained from changes in the capacitive part of the probe’s impedance.

These values were
Small, apparently

anomalous changes in the resistive part were also observed.

1. Introduction

The most accurate electron density profiles of
the ionosphere have been obtained by Seddon’s CW
propagation method [Seddon, 1953], which yields
excellent results for rocket soundings in a fairly
quiet, horizontally uniform ionosphere, particularly
if corrections are made for obliquity effects [Jackson,
1957]. However, in order that synoptic measure-
ments may be made under all ionospheric conditions,
other techniques are required. The REF probe
technique discussed in the present paper was de-
veloped to provide such a method. 1t is based on
the results of several previous rocket flights [Jackson
and Pickar, 1957] in which the ionosphere was
observed to have an effect on the impedance of
rocket-borne antennas. The antenna impedance
was determined during these earlier rocket flights
by monitoring the voltages on both sides of the
matching network between the antenna and the
CW transmitter. With the aid of pre-flight cali-
brations, these two sets of observations were suf-
ficent to determine both the reactive and the resistive
components of the antenna impedance, but it was
not possible to relate the observed impedance
variations to ambient ionospheric parameters until
the proper precautions were taken to minimize
contamination of the rocket environment. When
this was effected (mainly by sealing the rocket fuel
tanks after the completion of propulsion), it was
found that electron densities derived from the
impedance observations showed very good correlation
with the CW propagation results [Jackson and
Kane, 1959].

Since the antennas used for the RF impedance
probe measurenents were electrically short, their
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impedances were primarily capacitive. This capac-
itance changed by an amount proportional to the
ambient electron density. In these experiments
electron densities were obtained by attributing
the capacitance changes to changes in the dielectric
constant A of the medium and then calculating
the electron density from the relation:

K:1—§lf§\: (1)

where N is the density in electrons/em® and f is the
operating frequency in ke/s.

In past experiments the electron density values
derived from eq (1) had been too small by a factor
of about 3. For some applications this could be
considered fortunate, since it indicated that the
impedance of a transmitting antenna was affected
less by the ionosphere than might have been ex-
pected from the ambient ionization. It was tenta-
tively concluded from these early results that the
ionospheric effects were reduced, primarily by
distortion of the antenna environment due to the
large RF amplitude (in the order of 200 v) required
for the CW propagation experiment. The rocket
experiment described in this paper was performed
to see if the accuracy of the RF probe would be
substantially improved by making the measure-
ments at low RE voltages. A preliminary account
of the results of this experiment has been given by
Jackson and Kane [1960].

In order to compare the electron density values
obtained from the RF probe with the actual densities,
a CW propagation experiment was performed during
this rocket flicht at 7.75 and 46.5 Me/s on a time-
sharing basis. To fulfill the requirements of both
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experiments, the amplitude of the fixed-frequency
7.75-Mc/s signal applied to the antenna was cycled
periodically through the following levels: 0.2, 2, 2,
and 200 v, each with a duration of 1 sec. When
the nominal free-space RF amplitude of 200 v was
on the antenna, the CW propagation experiment
was performed to establish the reference electron
density profile; the 0.2-v and 2-v levels were used
for the RE probe experiments. Thus, the CW
propagation experiment was performed during 1
sec out of every four, giving approximately one
value of electron density every 4 km in the region
of interest. The CW propagation experiment was
thus slightly handicapped, since there were not quite
enough data points to plot the curvature of the
resulting profile precisely. This caused the profile
to appear somewhat jagged; nevertheless, it was
accurate enough to assess the quality of the RF
probe data.

The vertical-incidence ionospheric sounding station
located near the launching site provided additional
support for the RE probe experiment. A quiet
ionosphere was desired in order to optimize the
measurements made by the CW propagation experi-
ment; therefore, continuous monitoring of the iono-
sphere was conducted prior to the firing to insure
that this requirement would be met. Also, with
the experiment performed under quiet conditions,
the P’-f records obtained could readily be analyzed
and a third independent determination of the
electron density profile thereby obtained.

Finally, comparison experiments such as Lang-
muir probe, ion trap, and electric field meter meas-
urements were included in the rocket, making it
possible to acquire further data for correlation
purposes.

2. Electron Densities From the CW
Propagation Experiment

In the CW propagation experiment two phase-
coherent signals, at 7.75 Me/s and 46.5 Mc/s, were
transmitted from the rocket and received on the
ground with circularly polarized antennas. The
mstrumentation at the receiving station [Jackson
and Spaid, 1959] provided data for both the ordinary
and the extraordinary components of the 7.75 Me/s
signals. Since the electron density could be derived
from either the ordinary or the extraordinary ray
data, this experiment provided two independent
measurements of the electron density profile. The
two curves are shown in figure 1, where electron
density is plotted against the time after launching.
(The peak of the flight occurred about 250 sec after
launch time.) Results obtained from this type of
measurement, are most accurate when the radial
velocity of the rocket from the receiving site is
large and the transverse velocity small. Near the
peak the radial velocity is small, and any changes
in the ionization between the rocket and the receiving
station may appear as large apparent changes in
the electron density at the rocket. This effect can
be observed in the large fluctuations in the results
between 200 and 300 sec (fig. 1).
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Ficure 1. FEleclron density versus flight time derived from
propagation data on ordinary and extraordinary polarization
modes.
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Fiaure 2. Allitude dependence of the mean electron density
derived from the propagation experiment during rocket ascent
and descent.

1128 CST, Sept. 14, 1959, Ft. Churchill, Manitoba, Canada.

If the data for the 200-300 sec period are dis-
regarded, there is good agreement between the
electron densities obtained from the two polarization
components. The slight differences that are notice-
able are due in part to the fact that the ordinary and
the extraordinary rays followed slightly different
paths in the ionosphere and were affected differently
by irregularities and changes in the region between
the rocket and the receiver. Thus a mean value of
the two curves should be a slightly better measure
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of the electron density at the rocket than that
obtained from either ray by itself. Such a mean
curve is plotted in figure 2, where the electron density
‘s shown as a function of altitude for the ascending
olid line) and descending (dashed line) parts of
the rocket trajectory. KFrom this comparison it can
be seen that the measured electron densities differed
by an appreciable factor for the ascending and the
descending parts of the flight. The difference is
most noticeable in the vicmity of 120 km where
descent values were about 50 percent greater than
the ascent values. This indicates the presence of
horizontal gradients, whose presence reduces the
accuracy of the obliquity correction required to
derive the descent values.

3. The RF Probe

As was indicated earlier, the sensor used in the
RF probe experiment is a capacitor whose dielectric
constant 1s that of the ambient medium. Configu-
rations which could be used for this capacitor in-
clude parallel plates, collinear cylindrical whips,
and insulated sections of a rocket surface. In the
experiment under discussion the sensor was a rocket-
borne 7.75 Me/s antenna consisting of two 3-m
collinear whips. Because of its short electrical
length, the impedance of this antenna at 7.75 Me/s
was primarily capacitive.

Since the method formerly used for impedance
measurements (monitoring the input and output
of the matching network) was found to have poor
resolution and to suffer from drifts in the calibration
curve, an improved method was developed for the
NASA 4.07. This method can be understood from
figure 3, which shows the circuit and responses of
the REF probe. The circuit consisted of a low-
impedance 7.75 Me/s signal source and a matching
network connecting this source to the probe. The
impedance probe, together with its associated net-
work, exhibited a parallel resonance for the proper
value of the variable capacitor C~C. The circuit
was designed so that resonance would occur near
the low capacitance end of the capacitor when the
probe was in a nonionized medium. In the iono-
sphere, the capacitance of the probe decreased
because of the presence of free electrons, and addi-
tional capacitance had to be provided by the capaci-
tor C—-C to achieve parallel resonance.

The amplitude of the RF signal appearing at the
probe was detected at the point A (fig. 3) and
telemetered to the ground. In operation, the
capacitor C-C was rotated continuously, causing
the RF response of the probe circuit to vary in the
manner indicated by the responses shown in the
figure. The probe capacitance determined the
position of the response peaks whose amplitude
indicated the resistive loading. The dielectric con-
stant of the medium was calculated from this capac-
itance and then used to calculate electron densities
with the aid of eq (1). The error inherent in eq (1),
as a result of neglecting the effect of the earth’s
magnetic field, was at most 4 percent (see appendix).

| | l I <+—CAPACITOR ROTATION REFERENCE

<+—CAPACITANCE OF TUNING CAPACITOR

75 <— RESPONSE IN FREE SPACE

o
o | I <— RESPONSE NEAR E'MAX
w | i :
s | I :
ol i |
250 <+— RESPONSE AT PEAK OF
| 2[9I m 1 TRAJECTORY
l | : ROCKET
| | | ANTENNA
| 1 |
395
i (122km) !
[ [ I =
| [ !
| J |
42% = =
(85km)
7.75 Mc/s
SIGNAL =
0.8 SECOND SOLHCE ROCKET
ANTENNA
Frcure 3. Response curves of the RF probe circuit.

1128 CST, Sept. 14, 1959, Ft. Churchill, Manitoba, Canada.

As mentioned earlier, a four-step time-sharing
sequence was used. The antenna probe was con-
nected to the variable condenser C-C during the
first two steps, when the nominal RE voltage levels
were respectively 0.2 and 2 v. For the third and
fourth steps, the variable condenser was discon-
nected from the antenna probe and replaced by a
fixed condenser selected to give resonance under free-
space conditions. During the third step a nominal
voltage of 2 v was used and the amplitude was again
monitored at point A. This provided a means for
detecting small irregularities which could have
occurred during the 1-sec periods allotted for each
step of the sequence. During steps 1, 2, and 3, the
center tap of the matching transformer (fig. 3) was
connected to ground. During the fourth step a
nominal voltage of 200 v was applied to the probe,
which was then used as the low-frequency transmit-
ting antenna for the CW propagation experiment.
In this case the fixed capacitor was used instead of
the variable capacitor C—C'in order to prevent large
variations in amplitude and phase at the low-
frequency antenna. Either of these variations
would have introduced severe complications into
the CW propagation experiment. To permit detec-
tion of a possible collection of electrons by the
transmitting antenna, the center tap of the matching
network was disconnected from the ground during
the fourth step of the sequence and connected to a
current-measuring circuit. The antenna voltage
was also monitored during this fourth step to indicate
effects of the ionosphere upon the antenna impedance
while the CW propagation experiment was in
progress.
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Ficure 4. Comparison of electron density versus flight time

for both the RF probe and CW propagation methods.
1128 CST, Sept. 14, 1959, Ft. Churchill, Manitoba, Canada.

Briefly, the experimental results of the RF probe
observations were as follows:

(1) During the propagation experiment (with 200
v on the antenna) the effect of the ionosphere upon
the antenna capacitance was only 30 percent of that
calculated on the basis of ambient electron density.
This result is in agreement with the previous obser-
vations made under similar conditions. During
this last sequence a large electron current was
collected by the antenna in the altitude range from
60 to 110 km, which is the region where electrical
breakdown occurs [Jackson and Kane, 1959]. How-
ever, above the breakdown region the current collected
by the antenna was below the 107% amp detection
sensitivity of the current-monitoring circuit.

(2) No irregularities were indicated by the obser-
vations made during the third step of the program-
ing sequence.

(3) The electron densities calculated {from the
response curves obtained during the first and second
steps lie in the range 70 to 80 percent of the actual
values. Therefore 1t is apparent that a substantial
improvement in the accuracy of the RE probe was
achieved by performing the measurements at low
RF levels. The remaining difference between the
RE probe and CW propagation techniques will be
discussed in the section on the ion sheath. The
electron densities derived from the responses ob-
tained at the 0.2-v level are plotted against flight
time as the solid curve in figure 4. Impedance
measurements at 2.0 v yielded a profile only a few
percent lower than the 0.2-v profile. The values
obtained from the propagation method (mean of
the ordinary and extraordinary ray results) are also
plotted in figure 4. It should be noted that, in
contrast to the CW propagation data, the RE probe
data experienced no degradation during the time
interval from 200 to 300 sec. The electron density
derived from the RF probe measurements is plotted
as a [unction of altitude in figure 5. It is of interest
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Ficure 5. Comparison of electron density oblained by RF

probe during rocket ascent and descent.
1128 CST, Sept. 14, 1959, Ft. Churchill, Manitoba, Canada.

to note that the absence of a deep ‘“‘valley’” in the
daytime above the maximum of the /' region was,
in this instance, verified by a direct measurement.
(4) A comparison between the profiles derived
from the RF probe, the CW propagation method
experiment, and the P’-f record is given in figure 6.
The P’~f record obtained during the flicht is shown in
ficure 7. This ionogram was analyzed by means of a
five-point reduction process based upon coefficients
obtained by extrapolating Schmerling’s [1958] values
to those appropriate in the latitude of Fort Churchill.
As had been expected, the electron density values
calculated from the P’-f record were in good agree-
ment with the values obtained by the CW propaga-
tion method during the upward part of the flight.

4. Ion Sheath

The difference between the two methods on the
question of the absolute values of the electron den-
sity will now be considered (fig. 4). This difference
is to be expected since, in the ionosphere, the rocket
body and antennas will normally be enclosed in an
ion sheath. If the photoelectric effect can be ignored,
the rocket body and antennas will acquire a net
negative charge due to the difference between the
electron and positive ion velocities. The effect of
this surface charge is to create in the adjacent
medium an electric field that depletes the electron
content over a distance which can be represented
as an equivalent sheath thickness. The rocket
potential ¢ is determined by the condition that
the positive ion flux to the rocket surface is equal
to the flux of electrons with energies greater than e
(where ¢ is the charge on an electron). This process
has been discussed by Jastrow and Pearse [1957].
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The presence of the ion sheath means that the
probe is not immersed in a uniform medium as had
been postulated, but rather in a medium with a
dielectric constant of unity over the dimension
of the sheath thickness. This dielectric in turn is
immersed in the dielectric medium of the ionosphere.

The electron density N’ calculated from the
measured probe capacitance will then be related
to the true ionospheric electron density N by the
equation

N/
A — - K'C, @
G,

where K'(, is the measured probe capacitance and
(s is the sheath capacitance. Because of the com-
plicated geometry at the antenna base it is difficult
to define precisely the sheath thickness and, con-
sequently, the sheath capacitance. For the case of a
long cylinder of radius 77, the sheath thickness, a,
can be estimated from the formula of Jastrow and

Pearse [1957]:
%1; [ln R—{—a) —1:, cm.

The capacitance per unit length of the cylindrical
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Frcure 7. ITonogram obtained during the rocket flight.
1128 CST, Sept. 14, 1959, Ft. Churchill, Manitoba, Canada.
sheath is given by
27I'€0
4)
(Ia +(l>
where ¢ 1s the permittivity of free space. KEquations
(2) and (4) can be combined to give
. N’ .
= R T(I (“)
1—-0.22 K'In ( s )
l

During the NASA 4.07 flight, a measurement of the
rocket potential ¢ was made with a Langmuir
probe mounted flush with the skin of the vehicle
[Bourdeau, Jackson, Kane, and Serbu, 1960]. From
data obtained (]llllll"‘ rocket asc ent, 1n(lu(lm§r these
Langmuir probe measurements and the apparent
electron densities N’, table 1 can be constructed
with the aid of eqs (3) and (5).

The uncertainty in the tabulated values of @ and
N is the consequence of the uncertainty in ef. The
latter uncertainty represents the observed random
variation of the potential ¥ as a function of altitude
but does not include any estimate of possible sys-
tematic error. In this regard, especially below 140
km, there are serious difficulties in the interpretation
of the Langmuir probe data [Serbu, 1961]. Also
shown in table 1 are the results of the propagation
experiment, for which the accuracy is estimated
to be of the order of 5 percent.

A comparison of the corrected probe results with
the results of the propagation experiment reveals a

TaBLE 1.  Results from NASA flight .07
Height ‘ ‘ a \ N N propaga-

‘ ‘ | tion
km ev ‘ cm—3 ‘ em—? i em—3
100 1.0£0.4 | 8.3X10¢ 2, 6;{:0 5 (13. 02£0. 6) X104 11. 7X10¢
125 1. 0+0. 4 10. 4104 2.440.5 (15. 60. 6) X104 12, 7X104
150 1. 0£0. 4 13.1X10¢ 2.2+0. 4 (18. 72-0. 6) X10¢ 20. 8 X104
175 1.0£0. 4 17.9X10¢ 1 94+0.3 (24. 24:0. 7) X104 27.6 X104
200 1.040. 4 22.1X10¢ 31 7X104

1.7+0.3 | (28. 740. 7) X104
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disagreement. This diserepancy is not unreasonable
in view of the nature of the approximations used to
compute the probe correction factor. In particular,
complicated geometry near the antenna base allows
a small amount of stray capacitance to be entirely
within the sheath. The effect of this parallel stray
capacitance is essentially to magnify the probe
correction factor by 14 (Cs/Ch), where Cy/Cy is the
ratio of this stray capacitance to the total free-space
antenna capacitance. Although the precise value of
Og/Cy is unknown, it is probably less than 0.2; and,
since it should be proportional to the sheath dimen-
sion, it should decrease with increasing altitude. It
will be noted, however, that the difference between
the propagation results and the corrected probe
results (table 1) shows a somewhat different altitude
variance than does the sheath dimension. This
could be due to electron depletion by attachment to
molecules coming from a small leak i some pressur-
ized compartment of the rocket (most likely a small
leak in the valve used to seal the rocket fuel tanks).
The supposed leakage proceeds by effusion above 100
km and would therefore be essentially constant over
the short time interval of the rocket flight. Such a
mechanism could also affect the Langmuir probe
results.

It is hoped that some of these questions will be
resolved in the next rocket flight in which it is planned
to repeat this experiment with the following refine-
ments: (1) a guard ring arrangement will be pro-
vided to eliminate the uncertainties associated with
the antenna base geometry; (2) the Langmuir probe
measurements will be performed with higher resolu-
tion; (3) a d-c¢ voltage will be programed on the
antenna to vary the sheath dimension; (4) the RF
impedance measurement will be performed at two
exploring frequencies to determine the effective
sheath capacitance; and (5) the RF probe sampling
rate will be increased by a factor of at least 10.
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Ficure 8. Relative change in resistive loading of RF probe

versus altitude.
1128 CST, Sept. 14, 1959, Ft. Churchill, Manitoba, Canada.

5. Resistive Loading of the Probe

In addition to measuring the reactive component,
the method described above also gives the resistive
component of the antenna impedance: The latter
can be determined from the amplitude of the response
curve. During the flight considered here the varia-
tion of the amplitude was small. There was also a
small, slow drift, probably arising from the slow
decay of the battery voltage during the flight. A
linear correction has been applied to the measured
amplitudes to compensate for this steady drift.
The results are shown in figure 8, where the relative
change in the resistive loading is plotted as a function
of altitude. The following mechanisms, which refer
to the case where the magnitude of the RF field is at
most comparable to the d-c rocket potential, have
been examined in an attempt to explain this resistive
loading.

5.1. Radiation Resistance

The radiation resistance of a short linear antenna
in free space is given by the rather well known expres-
sion

2
R=20x> <)\l—0> ohms, (6)

where ({/)\)) is the ratio of antenna length to free-space
wavelength. It is a straightforward matter to show
that in the ionosphere the radiation resistance
becomes

2
R—20x? (i) ARGkt )

This mechanism by itself gives a resistive loading
proportional to +/A and thus predicts, for the
amplitude of the response curve, an altitude variation
which is opposite to that observed.

5.2. Collision Frequency Damping

The electron collision frequency normally is a
decreasing function of altitude. This would not
necessarily be true if the electron could gain energy
from the antenna field as the electron mean free path
increased with altitude. However, above 100 km
this process is unlikely since the electron mean free
path is greater than 10 em, and, under the conditions
of this experiment, the maximum oscillation ampli-
tude of an electron under the influence of the antenna
field is 0.5 c.m.

5.3. Inelastic Electron Collisions With the Antenna
Surface

As has been pointed out, the vehicle potential is
maintained by the flux of electrons with energies
greater than ef, where § is the rocket potential.
This electron flux has also an additional energy com-
ponent derived from the RI field of the antenna, and
the dissipation of this component by the electrons
captured on the antenna surface represents a resis-
tive loading on the antenna. A calculation of the
effect shows that this mechanism produces a resis-

646



tive loading of the proper altitude dependence but

approximately one order of magnitude smaller than

" that observed.

cobtained from the REF probe (fiz. 9).

5.4. Excitation of Electro-Acoustical Waves

Another resistive loading factor might arise from
the production of an electron pressure wave due to
interaction of the RE field and the antenna ion
sheath. Such a wave might absorb energy and thus
contribute to the resistive loading. This mechanism
is considered more fully in a separate paper [Whale,
1962].

6. Effect of Irregularities in the Ionosphere

In the case of an oblique rocket trajectory, the
accuracy of electron density profiles obtained with

| the propagation experiment is limited by the assump-

tion that the ionosphere is horizontally uniform.

The effects of some nonuniformity can be seen
very easily when the apparent electron density
obtained from the propagation experiment is plotted
as a function of the apparent electron density
These RF
probe results are not corrected for the presence of
the ion sheath, since this correction would introduce
only a relatively constant multiplying factor to the

results. For the ascent of the rocket, the points
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fall on a fairly smooth curve which can be represented
reasonably well by the straight line shown. How-
ever, the descent curve shows a loop which indicates
that some irregularity was encountered on this part
of the trajectory.

7. Conclusions

The development of a reliable REF impedance
probe has been considerably advanced by the NASA
4.07 rocket flight. The probe, in its present form,
together with a separate measurement of the vehicle
potential, is sufficient to determine electron densi-
ties to an accuracy of the order of 25 percent.
Further improvements in the technique are under
development.

8. Appendix. The Dielectric Constant
of an Ionized Medium

For an ionized gas under the influence of a steady
magnetic field, the dielectric constant becomes a
tensor [Allis, 1956]. If a rectangular coordinate
system 1s chosen with the Z-axis in the direction of
the magnetic field this tensor has the form

K, Ky 0
I{: "jl{}[ I{T () (A])
0 0 K,
where
[
= < ]_J.Z:
(l—x . ttiZ
Kp=1—X (l—%_/'Z)z*)yz’
[\’]1:4\ )

(E= e

‘Y=<%>i

f,=plasma frequency,
f=-exploring frequency,

i
r=7

fa=gyrofrequency of the electrons,

=)
2mf
v=collision [requency of electrons with heavy

particles.

If a capacitor of arbitrary configuration with a
free space capacitance Cj is inserted into this dielec-
tric medium, a measurement of the new capacitance
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will vield a value which can be expressed as

OZKOO. (1&2)
The value of K will vary with the orientation of the
capacitor. To relate K to the quantities K,, Ky,
and K, we proceed as follows:

The energy stored in a capacitor is given by the
expression

where 17 is the potential. If this capacitor is im-
mersed in a dielectric medium, the stored energy
becomes

> o L'z

U D. Edr=—

H

so that
ff) Fd
Ve O (4
(:*Tﬂ—r'

In free space

C f[‘ F(lr
0= ‘ v

(O fD 1‘(/7
.C fﬁ “dr

ExpandingTthe scalar product D-E, we have

| Kr o iKe o 0 ]['/ E]

D.-E=—jk, K. o ||B]|lE

0 0 K, LL E. J
=(K;E,+jKyE)E,+(—jKyE,

+K,E)E,+K,E.E,
=[K+(K,—K7) cos® ¢|E?, (A3)

where ¢ is the angle between the electric field direc-
tion and the magnetic field direction. For a uniform
dielectric (i.e., one in which K, and K, are not func-
tions of position), we have, by using eq (A3):

(o - S E? cos® Ydr
o Kot &o—Ke) =—mm

=K.+ (K,—Kr)G,

where @ depends on the geometry of the capacitor
and is less than unity. Thus, the apparent dielectric
constant is

X XY?
72 T O3

i (Ad)

where K, and K, have been replaced by appropriate
expressions in terms of X and Y, assuming that Z=0
(i.e., the absorption is negligible). KEquation (A4)
may be written

K=1—X[140(Y?)] (A5)

From this relation it can be seen that a magnetic
field affects the dielectric constant by a term whose
magnitude is of the order of Y2 For the conditions
of the experiment described in this paper, Y*=0.04.
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