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SECTION I

INTRODUCTION

The PLACES experiment was performed with two primary
purposes. First, experimental verification of propagation
relations which are used to specify the time-of-arrival
spread and jitter effects expected on pseudo-noise PSK
spread spectrum systems in HANE environments was desired.
Second, measurements of the late time phenomenology were
desired to address phenomenological issues of structured
ion cloud evolution. BRA assisted ESL and other DNA
community participants in the reduction and assessment of
the PLACES data to address experimental goals. This report
presents the results of 'he BRA effort.

~he propagation relations for predicting pseudo-noise
spread spectrum effects have a strong dependence upon the
scattering geometry. In Section 2 a model for the IRIS cloud
geometry during the first beacon occultation is developed.
The beacon transmits a 10 MHz bandwidth 100 MHz pseudo-noise
PSK signal to St. George Island and Cape San Blas receiving
sites. The propagation effects observed in the St. George
Island data are shown to verify the propagation predictions
obtained from the model. As par-t of the geometric modelling,
the occultation as viewed from St. 3jeorge Island and a model
for the neutral wind shear are also developed and presented
in the section.

Section 3 focuses on explaining the decay of ion
cloud TEC observed in the PLACES JAN aircraft data and in
other barium release observations. A mechanism for this
decay is presented. A numerical plasma cloud simulation
which incorporates the important features of the mechanism
has been performed and its results are also shown in this
section.




An attempt was made to apply specialized software
algorithms to the data from the NRL density probe flown
through the JAN ion cloud (Szuszczewicz, 198l1). The density
probe data shows evidence of kHz plasma waves. While the
specialized software did not perform as expected, important
results relevant to any plasma wave explanations for these
features were obtained and are briefly presented in Section
4.

The explanation of the experimental facets pertinent
to the data interpretations is believed to be included in
their discussion. For additional information about PLACES
the reader is directed to Marshall, et al. (198l1), McDaniel,
compilexr (1981) and the reports given in the Reference

section.
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SECTION 2

IRIS BEACON PROPAGATION MODELLING

The primary goal of the PLACES experiment is the
verification of current propagation models for time-of-
arrival spread and jitter effects. The ESL beacon launches
performed during IRIS produced the first measurements of
the time-of-arrival spread and jitter effects produced by
striated barium clouds. The first payload launched
achieved a very successful trajectory. Intense propagation
effects were observed from both of the receiving sites at
St. George Island and Cape San Blas. Propagation models
for the effects observed at the St. George Island receiving
site during the first beacon occultation are in good agree-
ment with the observed geometry as discussed in this
section.

Section 2.1 presents the modelling of the IRIS
barium cloud geometry which was produced by integrating
the optical data from many sites. This model is shown to
be in good agreement with the FPS-85 radar data. Section
2.2 shows how the features observed in the received beacon
signals agree with this cloud model. Predictive models
are thus upheld. Section 2.3 shows how the propagation
effects observed from St. George Island correspond to optical
data from the same perspective. Section 2.4 presents the
results of measurements of the neutral wind shear.

2-1 IRIS ION CLOUD GEOMETRY

During the design of the STRESS experiment, Dr.
Gordon Best, then of AFCRL, expressed the thought that an

excellent way to create a thiee dimensional barium cloud




model from optical data is to adopt a tomographic approach.
Note that a tomographic approach requires data from multiple
widely separated sites. 1In the instance when data is avail-
able from multiple sites the approach provides a good
technique for producing a cloud model.

The IRIS ion cloud (8 December 1980) presented an
opportunity to apply a rudimentary form of the tomographic
technique. The optical data from six widely separated sites
is available and has been used to describe the approximate
position and extent of the ion cloud. A formal tomographic
approach could be used to try to describe the structure of
the interior of the cloud but the interior detail was felt
not necessary for the propagation geometry model.

The display of three-dimensional models presents
obvious practical problems. Since the scattering produced
by the barium cloud is two-dimensional, one dimension, the
field line direction, is superfluous and can be removed from
the IRIS model tn simplify model presentation. The formal
manner to remove this dimension is to project the three-
dimensional geometry onto a plane perpendicular to the field
and to describe positions using two orthogonal distances
from a given reference point. Another method is to project
the geometry along geomagnetic field lines to a constant
altitude and to describe positions using sub-latitude and
sub-longitude coordinates. Because of the fortuitous
geometry of the geomagnetic field in the Eglin AFB area the
two techniques give close to identical results if the sub-
latitude sub-longitude plot of the latter technique is made
on a square grid. Distances on this grid represent roughly
100 kilometers per degree in the plane perpendicular to the
field in both the N-S and E-W directions. Angles in the

10




plane perpendicular to the geomagnetic field are also kept
true in this grid.

The optical data available at about 2345Z from six
sites has been analyzed to find the azimuth and elevation
of points near the extremity of the striated ion cloud.
Table 2.1 details the sources and exact times of the data.
These lines-of-sight have been projected onto a 155 kilometer
altitude plane along geomagnetic field lines to produce the
plot in Figure 2-1. Note that the choice of line-of-sight
in the pictures is somewhat arbitrary since the cloud
extremities are defined by field aligned streaks; however,
any azimuth elevation pair from a field aligned streak
projects into the same ray path in Figure 2-1.

The ray paths from the six sites define the cloud
position and extent indicated in the figure. The cloud
extent has been defined according to the C-6, Tyndall, and
D-4 (Anclote) data which is believed to be the mos: reliable.
The D-3 TV and St. George Island data is seen to be con-
sistent with the resulting values. The aircraft data gives
an inconsistent position for the south-eastern extremity
of the cloud but the photograph from which the extremities
were obtained is underexposed. The structure at the eastern
extremity as determined from the C-6 data is very faint and
this structure apparently did not register in the aircraft
photograph.

The optical model of Figure 2-1 has been compared
with RF data. The FPS-85 radar was run in an incoherent
backscatter mode both to track the ion cloud and to diagnose
its local density. Contours of the local density at 155
kilometers, as calculated by Dr. Victor Gonzales of SRII,
are shown in Figure 2~2 plotted together with the optical
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Table

Site

C-6

'Aircraft

Tyndall

D_BP‘

St. George Is.

D-4

2-1. Optical Data for IRIS Model

Time

2345:12
2345:29
2344:53

2345:12

2345:48

2345:28

2344:50

Source

T.I.C. Photo
T.I.C. Photo
T.I.C. Photo

BRA Photo of
SRII TV

T.I.C. Photo
LANL Image

Intensified
TV Photo

LANL Photo

Comment

Underexposed

Figure 2-9

Northernmost
extremity only,
narrow field
of view

Southernmost
extremity only,
underexposed

T.I.C. data from Dr. Wallace Boquist.

SRII TV data playback with assistance of Richard King and
Dr. Dan McDaniel.

LANL data from Dr. Morris Pongrantz.

i
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28°40"' M.

. H = 155 km
2345:252

>

28°20' N.
3
@ 4
:E 87° W. ® 86°40" W.

Figure 2-2. Overlay of IRIS optical model onto electron
density contours determined by FPS-85 radar.
Con%tour plot provided by Dr. Victor Gonzalez
of SRI International.
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results. The optically derived extent seems to be in good
agreement with the lO12 electrons per meter cubed contour
seen in the figure.

Figure 2-1 also illustrates the field line projected
rocket trajectory. The markings on the trajectory represent
5 second intervals and the simple cross is a reference mark
for the payload position at 2345:00. From the figure it is
possible to infer a projected rocket speed of 1170 meters
per second. The trajectory roughly makes a 75° angle with
respect to the line-of-sight from St. George Island. The
components of the velocity perpendicular to and parallel to
the line-of-sight are thus 1130 meters per second and 300
meters per second respectively. Note that the 300 meter
per second parallel component is in the direction of
increasing range.

It is also possible to infer from the figure some of
the distances relevant to the propagation effects. The
projected distance from the payload tc the ion structure is
a maximum of 42 km and a minimum of roughly 10 km. The
projected distance from the beacon to the rocket has been
calculated to be roughly 192 km at the time of first occulta-
tion. Note that these distances are projected distances
onto the plane perpendicular to the magnetic field. The
distances in the three-dimensional geometry can be found by
multiplying by the cosecant of the magnetic aspect angle,
roughly 37° at the time of occultation.

The geomagnetic field lines used for the projection
were determined from an IGRF field model (Trombka and Cain,
1974) provided by the Northwest branch of Physical Dynamics,
Inc. Updated coefficients (Epoch 1980), as published in
EQOS, were provided by Dr. Lewis M. Linson of SAI and were

15




used in the model. The values for the field direction
were cross-checked by comparing the computed geomagnetic
zenith for JAN with that estimated visually from three
Al05 photographs provided by T.I.C. The JAN photograrhs
were from a time when the JAN cloud ion structure was
near the geomagnetic zenith. Agreement to within 1° was
found. The IRIS dip and declination predicted by the
model are 59.7° and 1.6° East, respectively.

2-2 IRIS PROPAGATION RESULTS

Propagation theory (Wittwer, 1979) indicates that
time-of-arrival scattering effects are closely described
by geometry considerations. When the spread and jitter
effects become significant the theory predicts that time-
of-arrival delay and carrier phase shifts are proportional
to the dog-leg path increases in propagation distances.

This strong geometric dependence is demonstrated not only
in analytical propagation relations but also in the results
of thin phase screen numerical propagation calculations.

The results of MRC pre-test numerical propagation
calculations of the time varying impulse response expected
from a smooth barium cloud dramatically demonstrates the
geometric dependence of the impulse respbnse effects (Figure
2-3). The wing features observed in the plot can be straight-
forwardly explained in terms of the dependence of the dog-leg
path increase associated with angular scatter. Similar wing
features are also visible in the ESL pre-test propagation
calculations of a structured cloud seen in Figure 2-4. They
are visible even though they are not as persistent as those

in the smooth cloud.

Figure 2-5 illustrates the results of processing by
ESL of the beacon data obtained from the St. George Island
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Figure 2-4 ESL pre-test predictions. From James
4. Marshall, ESL, Preliminary Beacon

Experiment Test Plan for PLACES
10 November 1980.
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receiver site during the first beacon occultation. The
figure clearly demonstrates features which are qualitatively
similar to the wing-like features seen in the pre-test
predictions. Their guantitative agreement, which is
demonstrated in this section, bears out the geometric

nature of the effects.

The wing-like feature behavior can be predicted by
considering the scattering geometry illustrated in Figure
2-6. The figure illustrates a beacon ray path which has
been scattered off of a discrete object. At any instant in
time the dog-leqg increase in propagation distance d 1is

d =vVx +2 -2

for x smaller than 2z, which is the case in small angle
scatter,

g-L1x
2 2

The rate change of dog-leg distance d in terms of both

the x and 2z components of the beacon velocity is
d = x x//x2 + zz + z(z//x: + 27 - 1)

Again considering small angle scatter with x smaller than

2z the expression becomes
. . ° 2
X z2/x
¢ x 3 5(2)
Since the 2z term is second order in x/z 1t can be

neglected in many zituations. The rate change of dog-leg
delay is thus well approximated by

é = ;(x/z)




N

Payload
trajectory

Figure 2-6.

line-of-sight

Effective
[ Source

Idealized doy leg geomctry between
line-of-sight from St. George
Island and beacon payload in plane
perpendicular to field lines.
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which for a constant x-component of velocity predicts a
parabolic dependence for time delay T 1in terms of time,
t:

The qualitative nature of the wing features seen in Figures
2-3 thru 2-5 is thus explained.

It is possible to quantitatively check this relation
by determining the value of 2z from the observed time
dependence and comparing it with known or expected values.
A good method for determining 2z 1is to fit the observed
time delay versus time dependence with a parabola and to
determine 2z from the coefficient giving the best fit. An
alternative method is to estimate the coefficient of the
parabolic dependence from the relation between the rate
change of time delay and the time delay itself at a fixed
point. The ratio of 1 and T squared is found to be

/1% = cz/2x?
which can be used to find 2z and is useful in situations
where the wing feature is of such brief duration that a
parabolic fit would be difficult.

The latter method has been applied to the MRC
propagation results shown in Figure 2-3 to evaluate z.
A time delay change of .45 microuseconds occurs over 1.8
kilometers between the points noted in the figure which
have a mean delay of 1.0 microseconds. Assuming an arbitrary
x-velocity component and a 3 x 108 m/s value for c¢ gives
a 107 kilometer value for 2z which is in good agreement
with the known value of 100 kilometers. The wing features
predicted by computational propagation simulations are thus
in quantitative agreement with geometric arguments.
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To apply the geometric relations to the PLACES data
it is necessary to modify the dog-leg delay expression to
accommodate the three dimensional nature of the problem.
The direct and scattered ray path both extend a distance vy
out of the plane of Figure 2-6 where y 1is related to z

through the magnetic aspect angle a:
Yy = 2z ctn o

The magnetic aspect angle is roughly 37° during the first
beacon occultation viewed from St. George Island. (A magnetic
aspect angle of 90° denotes broadside ray incidence.) The

dog-leg delay becomes

a=fZ+ 92+ 2-/7q 22

which reduces to
2 2 .
g = X - X sin a

2/ + 22 =

for small angle scatter. The delay rate is given by

d = (xx + yy + 22) //x% + y2 . 2%

= (y§ + zé)//y2 + z

For small angle scatter the § and z terms enter into the
above expression in terms that are second order in x/z.
Since they are both smaller than x they can be neglected

giving for small angle scatter

2 .
- X__sin a t2
T 2 cz

- 02 .
T = X sin a
<z

t




and

T cz
22 2% sin a

To apply the geometric relations to the PLACES data it
is also necessary to account for the fact that the distance
from the beacon to the receiver sites is not infinite as
assumed in the above analysis. Two modifications to the
above relations zre required. The more important for the
results to be discussed is a moment arm correction to the
x-component of the velocity. The effective velocity across
the structure is given by the x-velocity corrected by the
ratio of the distance between the receiver and the structure
to the total distance between the receiver and the beacon
payload. This ratio produces a roughly 10% decrease in the
PLACES x-velocity which enters in the determination of z
through a squared term.

The other modification that must be made is that the
time-delay is now :he result of a double dog-leg effect with
the dog-leg terms between the scatterer and the beacon
receiver now both contributing. By interpreting 2z obtained
from the above expression as the distance resulting from a
Lens law-like relation between distances to the scatterer
the double dog-leg effect is accurately accounted for. This
correction to 2z values partially offsets the moment arm
correction to x. Where the moment arm correctic: to the
velocity produces correction terms involving the square of
the moment arm ratio, including the dovble dog-leg effects
reduces the composite correction factor to just the moment
arm ratio. The final relations which allow the determination

of z from the ohserved data are




2 _.
Z, -2 X sin a

t
‘[:
zt 2 cz
and 3
ot cz
«2 <2 .
T zt - 2z 2X° sin o

where z, is the projected distance between the receiver and
the beacon.

In the St. George Island data of Figure 2-5 the first
two wing features show delay changes of .75 microseconds and
.65 microseconds over intervals of 1.8 seconds and 1.3
seconds respectively. These features occur at mean delays
of 1.13 microseconds and 1.84 microseconds respectively.

The projected distance between the beacon and the receiver is
approximately 192 kilometers, the value of X is 1130 meters
per second, and the magnetic aspect angle is 37° from geometric
considerations. The resulting values of 2z are 28.4 km and
31.5 km which are in very good agreement with the optically
derived model discussed in Section 2.1. The wing features in
the PLACES data are thus apparently in quantitative agreement
with theory.

One other facet of the geometric interpretation of the
data is the relationship between phase delay and time delay.
If the cause of the time delay is primarily the increase in
the geometric propagation distance then the phase shift
associated with this effect should be proportional to it.
Furthermore the doppler associated with any delay rate should
be proportional to that rate. From the above relations
between delay rate and delay the geometric approach predicts
a parabolic dependence between the delay and the doppler
measured at that delay:

d _ x 2, - 2 172
EeigsinillG—— 2 cr sina)
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This dependence is observed in Figure 2-7 which shows further
results from the ESL data processing. Figure 2-7 shows the
doppler associated with a single wing feature plotted against
the wing feature time delay. The fit parameter obtained by
ESL to its dependence of (37 Hz)z per microsecond of delay is
in good agreement with the delay rate dependence observed
above. It implies structure distances of 30.3 kilometers
which is also in good agreement with the optical model.
Analytical expressions for the generalized power
spectrum, T (f,1), produce relations between doppler and
delay similar to the above. The generalized power spectrum
describes the power spectrum of the received signal at a
fixed delay and is presented in Equation 46 of Wittwer (1979).
The frequency of maximum intensity of the spectrum at a fixed
delay is given by a relation which reduces to the above
expression between f and 1. The spectrum is concentrated
around this peak frequency which can thus be considered to
be similar to a doppler effect. The generalized power spectrum
has been calculated from the PLACES data. Figure 2-8 shows
the peak of the generalized spectrum in frecuency plotted
versus delay as found from the generalized power spectrum of
the St. George Island first beacon data. The result is very
similar to the relation for the single wing feature shown in
Figure 2-7. The agreement between this observed T (f,T)
dependence and the geometric knowns in the problem are also
in good quantitative agreement.

2-3 BEACON OCCULTATION AS VIEWED FROM ST. GEORGE ISLAND

Figure 2-9 shows the IRIS ion cloud as viewed from
St. George Island. The ion cloud image is from a transparency
provided by Dr. Wally Boquist of T.I.C. For the purpose of
presentation it was necessary to make a contact print of the
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transparency. As a result the figure shows a mirror image
reversed and contrast reversed representation of the actual
scene. Superimposed on the image is a plot of the azimuth
and elevation contours and the beacon payload trajectory
with five second hack marks.

Correlating features from the propagation results
seen in Figure 2-5 with the optical features reveals
qualitative agreement between the two. The first wing
feature effect observed occurs when the beacon is outside
the cloud. At roughly the same time that this feature
intersects the direct path signal the beacon occultation
begins optically. As the beacon moves further it passes
through what appears optically to be strong structure, and
strong scattering effects are correspondingly evident in the
RF data. The point where the direct time delay is largest
appears to be one of the brightest regions of the optical
ion cloud. The beacon exits the cloud through what appears
to be a fairly smooth region. The RF scattering effects
are correspondingly decreased through this region. The RF
exit time and the optical exit time appear to be in very
good agreement. Thu.. :'any of the gqualitative propagation
features can be explw«..ied in terms of the optical data.

A brief description of the aximuth and elevation
contour plotting technique, used not only in the plot of
Figure 2-9 but also for analyzing all the other optical
data, is appropriate. The azimuth and elevation contours
are calculated by assuming that the film reproduces a flat
plane projection of the-sky. The relations for the x-y
position of a pcint with specified azimuth and elevation,

'Az' and 'El' respectively, is:
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S —— - rrer— T

X A sin(az - Azo) cos El1

y = A(cos Elo sin El1 - cos(Az - Azo) cos El sin Elo)

where 'Elo' and 'Azo' are the respective boresight elevation
and azimuth and where A 1is the scale factor between degrees
and plot distance. The boresight azimuth and elevation are
assumed to coincide with the center of the print. 1In the one
case of the St. George Island photo this assumption is known
to be wrong; however, the associated error in the resulting
grid is small. The values of Azo, Elo, and A are determined
by adjusting the overlays to fit the known star positicns.
Typically three or four plot attempts were required to obtain
a good fit. The American Ephemeris and Nautical Almanac, 1980
(1973), Webb's Atlas of the Stars (Webb, 1947) and the Yale
Bright Star Catalog (Hoffleit, 1982) were used as sources for

star positions. The latter is the most comprehensive, listing
roughly 9,000 stars. The former lists roughly twelve hundred
stars and is convenient in that precessional errors in position

have been removed. Both the Yale Bright Star Catalog and the

American Ephemeris and Nautical Almanac list star positions

whereas Webb's Atlas gives star maps which were found generally

useful. The contour calculation, rocket position calculation
and star position calculation are all implemented in software.
The overlay plots were found to be very useful for all of the
optical data reduction.

2-4 IRIS WIND SHEAR

During all of the PLACES releases significant distortion

of the neutral barium cloud occurred. Neutral cloud distortion
also occured during the STRESS release DIANNE. Neutral cloud
distortion is believe to be due to a linear altitude dependence
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o —

of the horizontal wind velocity which can be specified through
a shear rate vector. This vector has significance to the
barium cloud phenomenology and has been determined from the
IRIS optical data.

Linson and Baxter (1978) attempted to determine the
neutral wind shear rate for the STRESS release DIANNE with
a multiple site algorithm. A similar technique is used herein
to determine the shear rate for IRIS.

The IRIS neutral cloud distortion observed from all
sites is roughly elliptical. The major axis of each ellipse
points toward the accumulated wind shear. By measuring the
angle that the major axis of each observed ellipse makes with
the vertical direction two site solutions of the accumulated
shear vector can be found for any pair of sites. If the data
from more than two sites are available ther multiple two site
solutions can be compared to find the best fit. The shear
rate is found by assuming that the accumulated shear vector
is the result of a constant shear rate since the time of
release.

Figures 2-10 thru 2-12 show the results of pairs of
two site sclutions obtained from three sites, namely D-4, the
aircraft, and St. George Island at roughly 2341:00. The
contours give error locus solutions. Each contour represents
an additional 1° root sum of squares error in the angles read
off the two photographs used for the solution. Note that a
comparison of the results from all three pairs indicate that
an azimuth of 351° and an elevation of 23° provides a good
fit to the data with an r.s.s. error of roughly 2 1/2°.

This accumulated shear distortion occurred over a 1600 second
evclution time implying a shear rate of 1.5 m/s per kilometer

o’ altitude at a 351° azimuth.
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Neutral cloud distortion data is also available at
2345:00 from St. George Island, Tyndall and C-6. This data
indicates a shear distortion vector with elevation of 21°
and azimuth of 353°. The values imply a shear rate of 1.4
meter per second per kilometer at an azimuth of 353° which
is good agreement with the 2341:00 data obtained from a
different set of sites. The magnitude of the shear rate is
also comparable to that found for DIANNE (Linson and Baxter,
1978) although the DIANME shear rate vector was directed
toward a 250° azimuth.

The magnitude and direction of the shear rate are of
phenomenological interest. The magnitude of the shear rate
indicates that the velocity differential over a 40 kilometer
long striation would be roughly 60 m/s. This diffcrential
value is larger than the ion neutral slip. The direction of
the shear rate is nearly perpendicular to the ion neutral
slip and nearly parallel to the geomagnetic field. The
former feature implies that different portions of the ion
cloud could move in different directions according to which
altitude had the highest Pedersen conductivity. The latter
feature indicates that the components of the wind parallel
to the field are trying to compress in altitude. Evidence
of both ion cloud bending ard compression in altitude is
indicated in SRII data (McDaniel compiler, 1981) reproduced
in Figures 2-13 and 2-14.
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SECTION 3

BARIUM CLOUD DISSIPATION MODELLING

The aircraft experiment performed during PLACES had
the purpose of obtaining data on ion cloud phenomenology
to late time. The ion cloud was tracked by radar until its
presence could no longer be detected. The AFWAL aircraft
was positioned by the radar so that RF signals from LES-8
would pass through the ion cloud. The data is then used as
a diagnostic of ion cloud structure. Phenomenological
issues such as the power spectrum of the measured ray path
TEC fluctuations, its evolution with time, and the nature
of barium cloud dissipation can then be addressed. A
mechanism for barium cloud dissipation has been developed
to interpret important features in these results as discussed

in this section.

3-1 TEC DECAY OBSERVATIONS

The aircraft trajectories were flown during PLACES
such that numerous passes were made through the LE5-8 ion
cloud shadow in a direction primarily perpendicular to the
projected field lines (see Marshall, et al., 1581, for
detailed plots). The peak phase shift measured on each pass
is roughly proportional to the total electron content of the
plasma cloud along the line-of-sight. While, in general,
the aircraft passes will not cross the cloud at the point
of maximum TEC on any one pass, a sufficient number of
passes are performed so that the maximum TEC dependence
with time is roughly approximated. Figure 3-1 shows the
dependence derived by ESL from the JAN data (Marshall, et al.,
1981).
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The JAN dependence indicates that the peak TEC of
the barium cloud is decaying exponentially with time. The
decay is seemingly smooth over an order of magnitude in
time. This exponential decay is also observed in the STRESS
data from DIANNE, ESTHER and FERN seen in Figures 3-2, 3-3,
and 3-4. These plots suggest that the disappearance of
barium cloud effects is due to a systematic logarithmic
decay in the TEC. While it has been argued that this decay
might be due to a systematic error in the radar positioning,
the reproduction of this similar dependence in four releases

argues that the decay is a bonafide phenomenon.

3-2 ION CLOUD DECAY

Ionospheric currents transverse to the geomagnetic
field are carried by ions. It is very difficult to move
electrons across field lines. The fact that currents are
carried by ions leads to the mechanism of ion cloud decay
believed to be operative in the STRESS and PLACES barium
releases.

The relative motion of barium ion and neutral clouds
and the associated distortion and structuring of the ion
clouds is produced by a non-zero wind velocity in the frame
of the ambient plasma. The neutral wind produces currents
in the background ionosphere as well as intensified currents
in the barium ion cloud. The barium ion cloud currents
produce electric fields which cause the ion cloud motion
through the ambient ionosphere toward the neutral cloud and
subsequent ion cloud distortion. The magnitude of the
current in the ion cloud can be determined from the relation

N

J =18 vslip
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Figure 3-2. The decay of peak integrated electron

content versus time after release observed
in the DIANNE release of STRESS.
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Figure 3-3. The decay of peak integrated electron
content versus time after release
observed in the ESTHER release of STRESS.
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where J 1is the particle current density, U 1is the ionic
mobility in the surrounding air, B is the ambient magnetic
field intensity of .4 gauss, N 1is the local ion density,

and Vslip
with respect to the neutral cloud.

is the slip speed of this local density region

Because the current carriers are ions, currents into the
barium cloud are carried by air ions and currents out of the
ion cloud by barium ions. The barium ions associated with the
plasma cloud are slowly replaced by air ions. 1Ion convection
caused by currents is one basic feature of the proposed barium
cloud decay mechanism. Note that if it were the only mechanism
operative, that barium ion plasma clouds would gradually evolve
into air ion plasma clouds. While the plasma RF effects would
still be present they would not be associated with visible
barium features. (This process was first noted by Linson in
Kivel, Linson and Workman (1970).)

The second feature of the barium cloud decay mechanism is
the chemical recombination of air ions. The mass spectrometer
data from the AFGL probe payload flown during JAN (Narcisi,
et al., 198l) shows that the molecular ion No' is the predomi-
nant atmospheric ion below 190 km and thus at the barium cloud
altitude. Because NO' has-a very short lifetime in the elevated
plasma cloud electron density, it recombines long before a
significant air ion cloud is formed. The mass spectrometer
data of AFGL reflects this fact showing virtually no NO+
present in the ion cloud. Thus, the complete mechanism for
ion cloud decay is that ions are convected out of the plasma
cloud by plasma currents associated with the neutral wind and
are replaced by molecular air ions which quickly recombine.

The decay time of an ion cloud can be approximated
from the above current relation. The decay rate of a plasma
column transverse to the field can be specified from the
current in the column by
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d NT _ N

—_— = _IJI = -

Ly .
dt uB "slip

where NT is the columnar density, Np is the peak density
in the column and the remaining terms are as defined above.
This relation predicts the observed dependence in the TEC
decay seen in the PLACES and STRESS releases if Np is
proportional to % . Note that the predicted dependence of
N, from ambipolar diffusion (Linson, 1972) is gpl/2
suggesting a close, but not exact, agreement. Thus at least
qualitatively the decay of barium clouds can be explained by
this mechanism.

A gquantitative check of the mechanism reveals that it
is very efficient. A column of constant density experiences
ion removal at a rate =qual to the slip speed divided by B

times the density. For typical parameters

uB = 10
vSlip = 20/ms
L =6 km

where L 1is the length of the column in the direction of the
current, the cloud is completely depleted of barium in less
than an hour! The mechanism is so efficient that the rele-
vant question is no longer what makes barium clouds go away
but rather what makes them last so long.

The proposed mechanism of decay not only explains the
observed lifetime of barium, at least qualitatively, but it
also explains an optical feature of the barium cloud observed
in SECEDE II, STRESS and PLACES up the field views of ion
clouds. 1In these views one side of the cloud typically has
a very high contrast boundary that has been described as
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"black aurora." The black aurora can be explained to be

the side of the plasma cloud into which the plasma currents
are convecting ambient air ions. On the other side of the
cloud, currents are convecting barium ions out giving it a
fuzzy optical appearance. The high contrast region, being
more striking to the eye, is the feature which is singled
out. This explanation gives good agreement with the observed
slip directions and known geomagnetic field orientations.

3-3 BARIUM CLOUD SIMULATION

Numerical simulations of barium clouds can provide
insight into cloud dynamics (Doles, et al., 1976, for
example). A numerical simulation of the barium cloud has
been performed to investigate the decay mechanisms presented
in the previous section. This section discusses some of
the results of this simulation.

The simulation models the barium cloud and the
ionosphere with three constant altitude layers similar to
Doles, et al. (1976). One layer corresponds to the E-layer,
another layer corresponds to the barium cloud layer and the
third layer corresponds to the F-layer. The initial densities
on the E-layer and the F-layer are both assumed to be constant
with values of 3 x 104 and 106 per cc respectively. The
initial density of the barium cloud (Figure 3-5) is assumed
to have a Gaussian spatial dependence with a 3 «x 106 per cc
peak density and a 3.9 kilometer e-folding radius. It is
initially immersed in a constant background of no* with
density of 5 «x lO5 per cc.

A constant wind with a 50 meter per second velocity,
directed horizontally and toward the right in Figure 3-5,
is assuned to exist on all three layers. The equipotential
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approximation is used and the electric field on all thrce
layers is assumed to have the same curl-free dependence.
Both the Hall and Pedersen terms are included in expressions
for the ion velocity and current. The expression for the
current due to the ith species, Ji, is thus given by

i _ uB (E + .z)
= - V X 1
eN, ) 4 (up)2 \B

_———zl (-§-+in2)
1 + (uB)

where E is the electric field vector, V is the neutral
wind velocity vector, iz is the unit vector in the direction
of the magnetic field, e 1is the electronic charge constant,
Ni is the species density, B is the magnetic field inten-
sity and u 1is the ionic mobility in the background air.
Note that upB is dimensionless and increases fairly rapidly
with altitude because of the indirect proportionality between
the mobility and the background neutral density. For the
simulation the uB factor is assumed to be 1, 10, and 100
on the E-layer, barium layer, and F-layer, respectively.
Note that the mobility of the barium and of the NO+ on the
same layer is assumed to be the same ignoring a factor of 2.5
which arises primarily because of the different ion masses.

A split-step approach is used in the simulation. The
velocity field is determined from given density values by
solving a potential equation for the electric field. The
potential equation results from the specification that the
divergence of the total current be zero in order to prevent
charge accumulation. Given the velocity field, updated
density values are then calculated from the continuity
equation.
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Figure 3-6 shows the electric field potential which
has been calculiated from the initial density profile. One
feature of this plot is that the potential is not quite
symmetric. The non-symmetry is the rasult of including
Hall current terms in the total current expression. Another
point to note is that free-space boundary conditicons have
been implemented in the potential solver. The solver assumes
that there are no density gradients outside of the simulated
region. The specificaticn of artificial requirements for the
potential values on the boundary has thus been avoided.

The effect of NO+ recombination is modelled through
the equation

+
+ +
g_lgg_], -.3 (no*] [Ba™)
where the [NO+] and [Ba+] quantities are assumed to be
in 106 per cc. The reaction reflects the recombination rates

specified in the DNA Reaction Rate Handbook with the exception

that the barium density has been used to approximate the
electron density. This approximation is necessary to keep
the background NO' from spontaneously decaying. The recombina-
tion step is applied after the convection step and just prior
to the potential solving step. It has the effect of rapidly
eliminating any NO' within the barium cloud.
The simulation scheme has been used to predict the
densities on the various layers after hundreds of seconds
of evolution using a 3 second time step. The predicted
values at 300 seconds are shown in Figures 3-7 through 3-10.
Figures 3-7 and 3-8 show predicted values of the
barium and NO' ions on the barium cloud layer. Note that
the barium density has been distorted on the left hand side
toward the bottom of the figure in the direction of the
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Figure 3-6. Electric field potential obtained from
initial configuration. Free space
boundary conditions are used. The
assymmetry results from the inclusion
of Hall current terms.
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Figure 3-7.

Barium ion density contours after

300 seconds of evolution. The down-
ward motion is the result of Pedersen
ion convection in the direction of
the current.
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Figure 3-9. not ion density in E-layer demonstrating
image enhancement and depletions. The
density in the depletion is more than
an order of magnitude less than its
initial density.
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current. This distortion is a consequence of the ion
convection performed by the current. The No" density seen
in Figure 3-8 shows that significant recombination has
occurred. The interior density is nearly zero.

Figure 3-9 shows the density in the E-layer. The
regions of significant enhancement and depletion of density
are the image regions discussed in Doles, et al. (1976),
Goldman, et al. (1974), and Scannapieco, et al. (1974).
Because field aligned currents are carried by electrons and
transverse currents are carried by ions three dimensional
current flows can produce local regions of plasma enhancement
and depletion. As illustrated in this figure these currents
can even completely deplete the density from some regions.

Figure 3-10 shows the F-layer plasma density. Images
are also evident in this region, however, their intensity
relative to the assumed background ot density level is small.
Image growth depends to a large extent upon the uB factor
with large uB regions producing slower image growth. Recall
that the uB factor is assumed to be 100 in this region in
contrast to the factor of 1 assumed for the E-region. Because
the density deflections produced are small, numerical noise
is obvious near the boundary.

Figure 3-1l1 shows the field line integrated density.
Because of the strong presence of the barium density the
field line integrated Pedersen conductivity shown in Figure
3-12 is very similar. Note that the position of the peak
field line integrated Pedersen conductivity is displaced
somewhat in the vertical direction from that of the peak in
the total field line integrated density, but the displacement
is small. More striking is the difference between the total
density and the field line integrated Hall conductivity seen
in Figure 3-13. The Hall conductivity of the E-layer images
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Figure 3-11. Field line integrated density at
300 seconds.
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Figure 3-12.

Field line integrated Pedersen
conductivity at 300 seconds

58




H. CONDUCTIVITY TIME 300.
MIN .0028 MAX .0806
DIVIDED INTO 20 CONTOUR LEVELS

v v ] v L] L4 LS T L4 v v v T v v v L] |

10 -

KILOMETERS
)
L

2°AAAlALLLlAAALlAAALL
-

KILOMETERS

Figure 3-13. Field line integrated Hall conductivity
after 300 seconds. The E-layer images
are dominating the Hall conductivity.
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is dominating the integrated Hall conductivity at this time.
Figure 3-14 shows the electric field potential which results
from these conductivities. It has evolved significantly

from the original potential solution seen in Figure 3-6.

The field has a distorted quadrupole nature at this time in
place of its original dipole nature. The quadrupole nature
of the potential field is indicative of the fact that contour
stretching is occurring within the barium cloud. This
stretching should (Linson 1981) eventually deform the leading
edge of barium clouds into a long thin sheet thereby explain-
ing the source of this type of feature which has been
observed in the DIANNE density probe data from STRESS (Linson
and Baxter, 1978).

The densities in each layer have been integrated in

the two dimensions transverse to the field to display the

TEC dependence expected in the backpropagated aircraft data.
Figures 3-15 and 3-16 show the predicted integrated content
of the barium layer including the background NO+. The
integration has been performed in the direction perpendicular
to the wind in Figure 3-15 and in the direction parallel to
the wind in Figure 3-16. Neither of the two plots seem to

ﬁ resemble backpropagated data because of the size of the TEC
depletion regions. TEC depletion regions have not been
observed in backpropagated data. This discrepancy may be due
in part to the fact that depletions are traditionally
considered erroneous artifact and the phase data has been
framed to avoid such effects. An alternative cause for the
discrepancy is that the barium ion density has been under-
estimated and the NO' ion density has been overestimated in
the barium cloud layer region. Note that the depletion regions
are associated with the No+ recombination processes and thus
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Figure 3-14. Potential solution at 300 seconds.
A strong quadrupole like dependence
is demonstrated.
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Figure 3-15. Total barium layer integrated content
perpendicular to the wind.
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Total barium layer integrated content
parallel to the wind.
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errors in the local species densities or errors in the
assumed chemistry process could produce the overexaggerated
depletions in TEC.

Figures 3-17 through 3-2Z0 show the predicted integrated
content of the E-region and F-region for the two different
integration directions. Note that the predicted intensities
of these disturbances is very small. Each layer produces
less than a cycle of UHF phase shift over kilometer distances.
One distinctive feature of the predicted behavior which
should be noted is the lazy 'S' like nature of the predicted
curves. This feature should allow a distinction between
barium cloud effects and the effects of cloud image regions.

The simulation was used to predict densities at times
as late as 450 seconds. The results have been used to check
the plasma decay rate. Figqures 3-21 and 3-22 respectively
show the decay of the peak TEC of the barium layer and the
total loss of electrons from the plasma cloud. Once the No*
recombination associated with the initial barium plasma lay-
down has subsided at roughly 40 seconds both quantities
demonstrate a roughly linear loss rate. The decrease in TEC
in the barium layer is roughly linear in spite of the fact
that the barium cloud deformations associated with early
time evolution are ongoing. Since the peak density of the
barium is constant in the simulation, and not diffusing
with a tl/2
was included:; the expected decay rate is constant. Thus

dependence as it would if ambipolar diffusion

these numerical results seem to be in good agreement with
the decay rate relations set forth in the previous section.
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Figure 3-17. Column density of E-layer integrated
in direction perpendicular to the
wind.

65




HORIZONTALLY INTEGRATED CONTENT(10 /M%)

o
T
1

-20 -10 0 10 20
VERTICAL POSITION

Figure 3-18. Column density of F-layer integrated
in direction parallel to wind.
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Figure 3-19. Column density of F-layer integrated

in direction perpendicular to the
wind.

6?7

e
e - ——




HORIZONTALLY iNTEGRATED CONTENT(10%/M")
o

-20 -10 0 10 20
VERTICAL POSITION

Figure 3-20. Column density of F-layer integrated
in direction parallel to the wind.
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Figure 3-21. Peak value of total barium layer
integrated content in the direction
parallel to the wind vs time.
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SECTION 4

NRL PROBE DATA ANALYSIS

During PLACES event JAN a payload which carried NRL
plasma density measurement equipment was flown through the
ion cloud. The plasma density was sampled at 4 kHz and the
sample values were telemetered to a ground recording station.
At the May 1981 PLACES data review meeting Szuszczewicz of
NRL reported the results of the mean density measurements,
which also appear in Szuszczewicz, et al. (1981), and the
results of power spectral analysis. The power spectra of
the density indicate the presence of a high frequency spur.
This brief section describes the results of an attempt to
track the frequency of this spur,

Data samples from the density probe were obtained
from NRL with the goal of applying software frequency track
techniques developed under a previous AFWAL effort (Prettie,
1981). The frequency track is of interest because its
dependence can be used to identify the plasma wave which
created the spur. For instance, a linear relation between
the square of the wave frequency and the local density
might suggest ion cyclotron waves as suggested by
Szuszczewicz in his presentation.

No success was obtained in several attempts to lock
the frequency tracking software onto the spur components in
the density data. However, the raster scans which were
generated in order to investigate the continuity and
frequency dynamics of the spurs, produced useful results.

Figure 4-1 shows a raster scan plot generated from
density data obtained while the probe was inside the barium
cloud. Each horizcntal trace is the amplitude in dB of a
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1024 point FFT of 1/4 second of data. Note that the dB
scale of each trace is considerably compressed. The
entire plot gives the traces of 32 contiguous records
thereby covering 8 seconds in time or roughly 12 kilometers
in distance. The start time for the first 1/4 second of
data is 2344:15.1, its trace is &t the bottom of the plot,
and time progresses vertically. Evident in this plot are
examples of spurs which can be seen near frequencies of
200 Hz. These spurs are persistent through roughly 6 seconds.
Plots similar to that seen in Figure 4-1 were
generated for the entire set of data. Frequently no spurs
were obvious in the results; however, when spurs were
evident in the data, their frequency dependence with
respect to the mean plasma density was characterized. The
results of this exercise brought out the following important

points:

1. Spectral spurs are evident when the payload is in
the barium cloud.

2. Spectral spurs are also evident when the payload
is 100 kilometers down-range from the barium cloud in the
200 kilometer altitude regime.

3. The frequency dependence of the waves show no
clearcut dependence upon density. See Figures 4-2 and 4-3.

4. In one instance two spurs were observed to merge

into one (Figure 4-4).

The above results are important for interpreting¢ the
spurs in terms of plasma waves. For example, these results
indicate that the waves are not easily interpreted in terms
of local ion plasma waves because their frequency depend-
ence is not even monotonic with density and because it is

difficult to explain the bimodal structure of the spectra
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in terms of ion plasma waves. The phenomenological
interpretation of the spurs is not known and beyond the
scope of the effort; however, the above raster scan

results should guide future plasma wave interpretations.
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SECTION 5

CONCLUSIONS

The first goal of the PLACES experiment is the
experimental verification of the propagation prediction
techniques which determine HANE environment effects on
pseudo-noise PSK systems. The second goal of the experi-
ment is to develop further understanding of the
phenomenology of the late-time evolution of structured
ionospheric plasma. The results presented in this report
demonstrate that these goals have been met.

Intense scattering of GHz pseudo-noise signals is
expected from structured HANE environments. The scattering
of the 100 MHz beacon payload signal measured from St. George
Island is also intense and the effects observed have been
used to rigorously test the theory in Section 2. The theory
indicates that the scattering effects are closely described
by geometry considerations. The theory predicts time-of-
arrival delays and carrier phase sifts proportional to the
dog~-leg path increases in propagation distances. This feature
of the theory has been tested by using the proragation results
themselves . predict distances to the structure. Three
different results have been used to obtain distance estimates,
namely, 1) the wing-like behavior of the time-of-arrival of
two isolated scattered signals versus time, 2) the doppler
behavior of one isolated scattered signal versus time-of-
arrival and 3) the doppler versus time-of-arrival dependence
of the complete impulse response. The distance estimates
obtained, namely, 28 and 32 km from 1), 30 km from 2), and
30 km from 3}, are shown to be in excellent agreement with

a geometric model cof the structured ion cloud developed from
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optical data. The geometric model indicates that structure
should be between 10 and 42 kilometers from the beacon.

The development of the structure model from optical
data is presented in Section 2. As part of the spin-off of
this development other results of interest are available.
The beacon occultation as viewed optically from St. George
Island is shown and compared with the beacon data. Another
result is that the wind shear rate vector is calculated.

It is found to have a value of 1.5 meters per second per
kilometer of altitude and a 351° azimuth.

Propagation data taken with instrumentation aboard
the AFWAL 662 aircraft indicates a steady decay of TEC during
PLACES event JAN. The decay took place through late time
to 200 minutes after release. 1In Section 3 a two-step

mechanism which explains this decay is presented. Barium is
removed from the ion cloud by currents because in the iono-
sphere the carriers of currents transverse to the field are
ions. The barium ions depleted from the ion cloud are
replaced by ambient air ions which are predominantly No' and
which quickly recombine in the elevated plasma electron
density because of their molecular nature. The net decay

of the ion cloud is the end result. Quantitative predictions
l of cloud lifetimes indicate decay times of roughly 1 hour.
To some extent the decay process might be impeded by image

F formation, however, this process is so efficient that it can
easily explain the observed barium ion cloud decay behavior.

Thus, an important understanding in the late-time phenomenology
of ion clouds has been developed. A numerical simulation has
been performed to incorporate the facets of this mechanism,

and a gradual decay of the plasma cloud density has been

demonstrated in the results, also presented in Section 3.




In Section 4 the results of a brief investigation
of the NRL density probe data is presented. Szuszczewicz
identified the presence of kHz spurs in the density power
spectra as plasma waves existing within the barium cloud.
The results shown in Section 4 indicate that the spurs occur
on both the inside and outside of the ion cloud and do not
have any apparent dependence on local density. At times the
density power spectra are even bimodal.

Based on the results of this report the PLACES
experiment can be viewed as a success. With experimental
verification of the time-of-arrival effects associated with
scattering, HANE propagation theory can be judged as well
understood. New understanding of the late-time ion cloud
phenomenology has also been obtained in investigations of
experimental data. While phenomenological issues still
remain and could be addressed by future ionospheric
investigations, this should not detract from the significant

milestones achieves by PLACES.
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