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Abstract

Barium and strontium release experiments were conducted throughout 1991 from the

Combined Release and Radiation Effects Satellite (CRRES) to study both natural and man-

made disturbances in the earth's ionosphere. A mass spectrometer mounted on the spacecraft

counted the Ba and Sr ions as the cloud expanded through the satellite's path. In this study,

data from the G-1 (in sunlight) and G-1 lb (in darkness) releases were chosen and were

modeled to understand the source of the ion signals. The model appeared to reproduce the

Ba+ sun data reasonably well assuming photoionization (-C = 28 s) was the primary ionization

mechanism. However, it was not able to account for the remaining ion data in sunlight or

darkness: (a) Sr has a very long photoionization time constant from the ground state (-t =

1920 s) and model/data comparisons showed that the Sr ionization rate must be ; 60 times

greater than the photoionization rate to account for the observed signals. (b) The charge

transfer ionization process between ground state atoms and ambient 0 were not sufficient

to reproduce the ionization rates for Sr sun data and Sr/Ba dark data. The model results

better approximated the data for both atoms when ionization originated from populated

metastable levels but still fell short of matching experimental results. Speculation is made as

to what other processes could have been responsible for the CRRES data. Possibilities

include either charge stripping or Alfven's critical velocity ionization (CIV), neither of which

are well understood. A peculiarity of the data in the form of twin peaks in the first maximum

of the spectrometer flux counts was also investigated. Either an instrument sensitivity

problem or a two process mechanism appears to be responsible. Due to insufficient

information concerning experiment conditions, though, a firm determination is not available.

x



ANALYSIS AND INTERPRETATION OF ION DATA ASSOCIATED WITH

NEUTRAL GAS RELEASES IN THE EARTH'S IONOSPHERE

1. INTRODUCTION

1.1 Opening Description

In the summer of 1991, natural and man-made disturbances in the earth's ionosphere

were studied utilizing instrumentation on board the Combined Release and Radiation

Effects Satellite (CRRES). Neutral particles, consisting of barium doped with strontium

in a thermite mixture, were contained in 24 canisters carried by the satellite. These

canisters were released at several positions and times over the Caribbean Ocean and

subsequently detonated, dispersing the contents. Instruments on board CRRES coupled

with ground based and aircraft mounted equipment were used to observe the resulting

cloud. Observations centered around noting the effect on the surrounding ionosphere as

well as the investigation of space plasma issues (Hunton, 1993). A particular goal was to

gather evidence for the "critical ionization velocity" (CIV) effect, an ionization process

hypothesized by Hannes Alfven. The basic idea of the hypothesis is that if neutral

particles flow through a plasma with a kinetic energy at least as great as the ionization

potential of the atom, very rapid ionization will take place. Injecting neutral gases into

the ionosphere at the satellite orbital velocity provided an environment favorable to

testing this concept.



1.2 Statement of Problem

The releases and associated experiments conducted with the twenty-four chemical

canisters were labeled G-1 through G-14 (some involved the ejection of multiple

canisters). Dr. D. E. Hunton of the Air Force Phillips Laboratory on Hanscom AFB, MA

had for some time been working with data from an ion mass spectrometer on board the

satellite which measured ion counts from the cloud during the release experiments. He

had developed a mathematical model to simulate the flow of neutrals and the formation of

ions at the spacecraft location. The goal of this thesis was to use this model to

mathematically reproduce the ion counts data obtained from the CRRES satellite,

specifically during the G-1 and G-11b experiments. Determination of the ionization

processes responsible for these ions was the ultimate objective.

The G-I and G-1 lb releases and their associated data sets were chosen as the subject

of this investigation. They were alike in all but one respect. The relevant data for each of

the experiments are listed in Table 1 (Hunton, personal communication and Stenbaek-

Nielsen et al., 1993). The releases were conducted at nearly identical altitudes--495 and

478 kilometers (km) respectively. This is just above the F2 region maximum, or the

location of maximum plasma density in the ionosphere. This relatively low height

represents an advantage to studying ionization in the ambient environment, since relative

concentrations of the ionospheric constituents can be specified with greater accuracy at

these altitudes than at the much higher levels of other releases. Both releases also

involved a neutral gas injection velocity nearly perpendicular to the geomagnetic field

lines and the angle between the spin axis and the velocity vector varied by only 3 degrees

2



between the two situations. Last, the same masses of materials were placed inside each

of the canisters. The only major factor that changed between the two experiments was

the presence of sunlight. G-1 occurred near the solar terminator (line dividing night and

day) on the sunlit side, and G-l lb was executed also near the terminator but on the dark

side. These circumstances are shown pictorially in Fig. 1.

As stated above, one of the initial reasons for undertaking the chemical release

mission of CRRES was to gather evidence for CIV. This process, through a transfer of

energy from neutrals released at the satellite orbital speed to electrons, enables the

resultant high energy electrons to rapidly ionize the neutrals as well as produce high

kinetic temperatures. As part of this thesis, I initially spent a large amount of time

researching CIV and analyzing the G-1 and G-1lb releases to determine if CIV had

occurred. This research is covered in some detail in Appendix A. As is explained there,

CIV occurrence would probably have been limited to very early times, before the gases

released and ions formed from those gases reached the spectrometer on board the

satellite. However, elevated temperatures resulting from this process could have

accelerated ionization at later times, in ways which I will address in this paper. The end

result of the research discussed in Appendix A was that CIV occurrence is undetermined,

although there is more evidence pointing to its absence than its presence. For details on

this result and an in-depth explanation of CIV, see the appendix.

3



Table 1: Conditions for CRRES G-1 and G-1 lb Releases

G-1 G-lib

Date July 13, 1991 July 25, 1991

UT (hh:mm:ss.s) 08:35:25.5 08:37:11.1

UT (s) 30925.5 31031.1

Altitude (km) 495 478

Latitude (degrees) 17.8 N 17.3 N

Longitude (degrees) 62.9 W 69.5 W

Light Conditions Dawn, sunlit Dawn, darkness

Titanium Mass (kg) 1.269 1.27

Boron Mass (kg) 0.572 0.573

Barium Mass (kg) 1.468 1.471

Strontium Mass (kg) 0.019 0.019

Total Neutral Density (m 3) 6xl013  5xlO' 3

Total Electron Density (m-3) 5x1011 7xl 0 11

Spacecraft Velocity (m/s) 9.97x10 3  9.98x10 3

Spacecraft Velocity Perpendicular 9.94x10 3  9.95x10 3

to Magnetic Field (m/s)

Magnetic Field Strength (Tesla) 3.1lxlO 5  3.19x10 -5

Magnetic Field Injection Angle 95 95
(degrees)

Angle Between Spin Axis and 29 26
Velocity Vector (degrees)
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1.3 History of Experiment

The CRRES program is the unification of three different projects initiated by three

organizations. The Air Force space community had an interest in radiation and discharge

effects on satellite microelectronics in the ionosphere, while the National Aeronautical

and Space Administration (NASA) was concerned with chemical releases in order to

understand chemical processes in the upper atmosphere. In addition, scientists at the Air

Force's Phillips Laboratory on Hanscom AFB, MA constructed a low altitude satellite

study of ionospheric irregularities (LASSII) experiment to investigate both naturally

occurring and artificially created perturbations in the ionosphere and their effects on radio

signals propagating through the ionosphere (Rodriguez, 1992). These three programs

together resulted in the CRRES satellite. This coalescence occurred in 1982, with the Air

Force funding the satellite and NASA funding the launch (Vampola, 1992).

CRRES was originally slated to be launched as a Space Shuttle payload in June 1986,

but the Challenger accident earlier that year forced planners to eliminate it from the

NASA schedule. The Atlas-Centaur was chosen as the new launch vehicle, and launch

finally occurred on July 25, 1990 from Cape Canaveral. The satellite was inserted

directly into an elliptical geosynchronous transfer orbit. (Vampola, 1992; Reasoner,

1992)
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2. CRRES Chemical Release

2.1 QIMS Instrument

Relative ion fluxes (counts s "1) measured from the quadrupole ion mass spectrometer

(QIMS) are the data that are investigated in this thesis. Ba + and Sr' counts for G-1 and

G-l lb are shown in Fig. 2. Here the relative counts (counts per second) measured by the

spectrometer can be seen. A steady fall-off in the data represents the decrease in neutral

densities as the neutral cloud expanded and rarified. The separation between peaks

instead of a steady decrease is due to satellite rotation and will be discussed in the

modeling section. The last feature to point out is a split double peak in the first major

maximum in each of the data sets. This peak was analyzed in the latter part of the

research and this work will be addressed in the discussion of results.

Fig. 3 a - c shows the instrument and its position on the satellite. It was mounted on

the top deck of CRRES and pointed radially outward, perpendicular to the spin axis of the

spacecraft. QIMS remained turned off at all times except during perigee of the orbit,

which is where the chemical release experiments of interest to this thesis occurred. The

aperture plate, which was biased at a potential of -10 volts, was uncovered at the

beginning of the mission and remained uncovered. The spectrometer is capable of

measuring particle masses from 4 to 155 atomic mass units (amu's) with energies from 0

to 100 electron volts (eV). The mass resolution is also more than adequate to

differentiate between all ions of significant number density. (Trzcinski et al., 1992)

7
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2.2 Satellite Orbital Factors

The CRRES experiments were conducted from a geosynchronous transfer orbit. This

elliptical path took the satellite through a perigee of 350 km and an apogee of 33600 km

(Bernhardt, 1992). An orbit of this geometry results in a maximum velocity at perigee of

around 10 kilometers per second (km/s). This velocity is important, since it is much

greater than both the velocity given to the particles upon detonation as well as the speed

of the ambient ionospheric particles. The chemical experiments of concern in this thesis

were conducted at orbit perigee and thus the neutral gases released were given

approximately 3 times the kinetic energy required for the CIV effect.

The placement of the G- 1 and G-1 Ib releases on opposite sides of the solar terminator

facilitated studying the two experiments with a single variable factor--sunlight. G- 11 b

was positioned near the dawn terminator so as to cross into sunlight a short time after

release and allow aircraft and ground observers to record emissions from the neutral

cloud and the ionization products. The timing of the cloud's movement into regions

illuminated by various portions of the solar spectrum is depicted in Fig. 4. For the release

initiated in darkness (G-11 b), CRRES crossed the geometric terminator 10 seconds after

detonation of the canister. The geometric teminator is the straight-line path drawn from

the sun's surface (the photosphere) to the edge of the earth and beyond. Portions of the

sun's spectrum are visible to a satellite before reaching the geometric terminator due to

diffraction. The exact point where energy from the sun becomes available depends on the

particular frequency of light being observed. The ultraviolet (UV) terminator, the line

beyond which UV light first becomes visible, was penetrated at 20 seconds. In the model

11



used in this thesis, the spacecraft and cloud are assumed to be exposed to slight amounts

of UV light before crossing the terminator due to reflection of radiation from matter

across the terminator. Finally, the spacecraft was in full intensity UV after 30 seconds.

(Hunton, personal communication) Since the light which photoionizes barium lies in the

UV band, it is not until this radiation is present that photoionization begins. The

modeling of this gradual transition to photoionization is included in Appendix B in order

to show the effect of the transition on the model and ionization in the cloud.

2.3 Release Description

As mentioned earlier, the gases were released in a thermite mixture. Thermite is a

mixture of titanium and boron required to vaporize the barium and strontium since they

were in solid form within the canisters. The vaporization and dispersal of the barium and

strontium mixture were brought about by the following reaction:

Ti + 2B -* TiB2  (1)

which yields enough heat to produce the metal vapor cloud for the experiment from the

solid matter inside the canister (Reasoner, 1992). Vaporization of the cloud in the

immediate vicinity of the spectrometer would have been advantageous in that ionization

products could be counted when neutral densities were at their highest values. However,

certain hazards prevented the canister detonation from being executed close to the

satellite. In addition to high energy particle impact effects from the explosion, scientists

were concerned about possible coating of the CRRES instruments with neutral and

charged particles from the cloud. The canister was ejected from the satellite and a timer

12
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counted down from approximately 1498 seconds before detonation (Johnson and Kierein,

1992). This allowed the canister to reach a distance of 3.8 to 4.2 km from CRRES,

depending on the specific geometry (see next paragraph), before the thermite ignited.

(Hunton, 1993)

The injection geometry can be seen in Fig. 5. The G-1 and G-1 lb releases were very

similar in this respect and so the same figure will be used to describe both. As is evident,

the satellite velocity vector was about 95 degrees off of the magnetic field vector, which

points from south to north (Stenbaek-Nielsen et al. 1993). Also, the spin axis was at a 26

degree angle to the velocity vector (Hunton, personal communication). What this means

is that both the ejection module and QIMS varied with respect to their orientation to the

magnetic field as the satellite rotated. The range of this angle is from 21 to 159 degrees.

This variation with satellite rotation has two implications. First, it is not known

exactly which direction the ejection module was pointing when the canister was fired in

each release. As indicated in Fig. 5 (a), if the ejection module fired when exactly

perpendicular to the satellite velocity vector, then the 1498 second timer allowed the

canister to reach a point 4.2 km from the satellite at a point exactly alongside CRRES in

its orbit (neither ahead nor behind). The figure shows 2 canisters being ejected in order

to represent either of the possible directions of travel in this situation. The other exteme

occurred if the canister was at either end of the possible range of angles (21 or 159

degrees). Then it would have ended up 3.8 km over and 1.8 km either ahead of or behind

the spacecraft, as depicted in part (b) of the figure. Again, the 2 canisters demonstrate

both possible results of this situation--a cloud center of mass ahead of or behind CRRES.

14
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Any injection angle inside this range would yield a geometry between these two limits.

This affects the mathematical simulation of the cloud movement used in the ion density

model, altering both the timing of when the cloud reaches CRRES as well as the neutral

density magnitudes seen at the satellite position. For the studies completed here, the

average position was taken, assuming the detonation point to be exactly 4.2 km directly

across from where the canister was ejected. The second implication is the fact that the

cloud center of mass was in a different orbit than the one in which the canister started. If

it was in a higher or lower orbit, its orbital velocity would of course have been different.

Since a difference of around 4 km is small compared to the distance from the center of the

earth (which is the relevant radius that determines the orbital velocity) and also since the

new orbit is unknown, we ignored this factor.

2.4 Cloud Expansion

Upon initiation of the thermite reaction, about 40 percent of the metal inside the

canister was vaporized (Stenbaek-Nielsen et al., 1993). The gas then proceeded to

expand outward in spherical form with a Gaussian velocity distribution. See Fig. 6 (a)

and (b) for a pictorial representation of this scenario. Detonation of the canister was

marked at zero seconds relative time. We used relative time in the modeling for this

thesis and in all the comparisons between model output and experimental data shown in

the results section. At around 1 second the cloud was already in the form of a Gaussian

shell. Particles that were ionized were subsequently trapped by the geomagnetic field

lines (this assumption is discussed later) Thus ions formed at this point in time would

stop expanding outward with the cloud and would not reach the satellite. The shell first

16



impacted CRRES just past 2 seconds after detonation and accordingly this is when QIMS

first registers ion counts. By 3 seconds the satellite was enveloped by the shell of neutral

particles. Fig. 6 (b) depicts the cloud expansion after the rear edge of the neutral shell

passed CRRES' position. After this point the spacecraft no longer encountered neutral

cloud particles. However, it did continue to move through regions where the cloud had

been and thus "picked up" ions that were formed at some earlier time. Using neutral

barium and strontium emissions, optical evidence both immediately after detonation (t 1

second) and minutes later show that this form of cloud expansion did occur (Stenbaek-

Nielsen et al., 1993 and Wescott et al., 1994). The releases in Stenbaek-Nielsen et al. and

Wescott et al. involve larger masses of neutrals than in G-l and G-1 Ib, but the smaller

masses here should behave the same. As support for this argument, Szuszczewicz et al.

(1993) report that spherical symmetry in thermite releases in space has consistently been

confirmed by optical diagnostics.

Based on optical data analysis, the average thermal expansion speed of barium was

calculated to be 1.33 km/s with a Gaussian width of 0.30 km/s (Wescott et al., 1994). As

shown in Fig. 6 (b), the slowest particles (at the rear edge of the shell) moved outwards at

around 0.6 km/s and the fastest (in front) expanded at around 2 km/s. The strontium

included in the canister might be expected to expand at a velocity inversely related to the

square root of its mass, or faster than the barium. Its mass-dependent average thermal

velocity is 1.67 km/s. Szuszczewicz et al. (1993) found for a mixture of barium and

lithium in the CRRES G-9 release that lithium, which like strontium is also lighter than

barium, did not move outwards at its thermal velocity. They concluded that mass-
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dependency does not play that large of a role in the expansion. We used the data from

QIMS to calculate a time-dependent ratio of Ba to Sr' . As shown in Fig. 7, these

results do not indicate a strong mass dependence of the expansion velocity either. A

faster population of strontium should have produced a ratio of Ba + to Sr that steadily

increased with time. The ratio in the figure does grow stronger over small sections of

time, but the appearance of the initial peak and subsequent decrease destroys the ability to

make any conclusions of strontium dominating the front edge of the cloud. Thus we

assumed that both species had an average expansion velocity of 1.33 km/s.

We also assumed that the velocity distribution of the cloud expansion remained

constant. The only condition that might have prevented this would have been a high

momentum-altering collision frequency with the ambient atmospheric particles that

would have slowed the spherical expansion. Given that the mean free path between a

single cloud particle and all the ambient population at altitude was more than 100 km (see

Appendix C), which was significantly larger than the cloud dimensions during times in

which barium and strontium ion counts were measured, this assumption is probably

realistic. In addition, photographs of expanding barium clouds in previous experiments

have shown the expansion speed to be equal to that of the thermal distribution out to at

least several seconds (Wescott et al., 1994).

2.5 Transverse Motion Across Magnetic Field Lines

In order to simplify the study of the cloud expansion, we assumed that newly formed

ions would very quickly if not immediately be attached to a line of force of the earth's

magnetic field and be forced to gyrate around that line. The gyroscopic frequencies and
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radii for all relevant particles are listed in Appendix C. However, some research has been

done which indicates that immediate gyroscopic motion is not always the case in space

release experiments. When a charge separation occurs, the ion and electron will rotate

around the field line in opposite directions, resulting in a finite current density. This

leads to a buildup of charge at the cloud edge which in turn leads to a polarization electric

field. This field interacting with the geomagnetic field yields an ExB force, allowing the

ion cloud to drift transverse to the field lines in the direction of the neutral cloud velocity.

(Mitchell et al., 1985) It will maintain form until the ion densities are no longer high

enough to create a polarization field able to cause particles to drift. This field usually

persists until the ambient ion density is greater than that within the cloud. This effect, in

which Ba and Sr+ continue to follow the neutral cloud movement, was observed in the

CRRES releases and is generally referred to as "skidding". It was initiated immediately

after detonation, with a finite delay allowing for the polarization field to develop after the

first ions form (Huba et al., 1992). As stated above, Delamere et al. (1995) reported

transverse motion for 7.5 kin, or just under a second after detonation. It is also postulated

in their paper that parts of the ion cloud may have skidded for much farther than this. As

complete separation of the Ba+ cloud from the neutral cloud did not occur until around

10 seconds in the larger G-12 release (Stenbaek-Nielsen et al., 1993), it is certainly

possible that ions were able to cross field lines for at least 2 or 3 seconds in G-1 and G-

1 lb. There is no hard data, however, that this continued long enough to allow particles

created early on in the experiment to reach QIMS. Thus we concluded that only particles

formed along the satellite orbit could have been counted and the skidding effect was not
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included in the mathematical model for this thesis. However, the polarization field is

very important in another phenomenon, the snowplow effect.

2.6 Snowplow Effect

Another factor created by the expanding ion cloud ensues from the fact that it is

traversing through a plasma and not a vacuum. The same polarization electric field that

results in a drift of Ba+ particles creates an electrostatic "wall" beyond which it is

difficult for ambient ions such as 0 + to penetrate. Only those ambients with enough

velocity opposite in direction to that of the expanding cloud can get through. This creates

an 0+ density "hole" within the Ba + cloud and a density increase in front of the leading

edge of the cloud. From these traits comes the name by which this effect is known--the

snowplow effect. If this could be shown to have occurred in the G- 1 and G- 11 b releases,

it might help explain the double peak in the first maximum seen in the ion measurements.

Another signature of the snowplow effect is an increase in the kinetic electron

temperature ahead of the expanding Ba+ front. This is found in computer simulations to

speed up the expansion as well as to increase the strength of the snowplow. (Schunk and

Szuszczewicz, 1988) A continuous temperature plot throughout either of the releases was

not available and so it is unknown if any temperature increase was experienced as the

front wall of the shell passed CRRES' location.

There was an order of magnitude increase in 0 + in the G- 1 release and a half an order

of magnitude jump in G-1 lb, as shown in Fig. 8 (a) and (b) respectively. It was not

determined whether or not this is actually real. In the G-9 release, a very large surge from

70 to 30,000 at the front edge of the ion cloud was attributed only partially (on the order
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of a few percent) to snowplow. The bulk of it was considered a result of QIMS

interrogating the ions at a zero degree incident angle (ram) at the time of the increase.

(Szuszczewicz et al., 1993) As will be discussed in the modeling section, the satellite's

rotation caused a sinusoidal ram-wake variation relative to the ion motion past the

spacecraft.

However, computer simulations, conducted on a smaller scale than space experiments

but shown to be realistic in terms of plasma expansion of the cloud, have produced O+

density increases between 6 and 100 percent, depending on the exact circumstances. The

high end of this range appears to occur when a component of the velocity through the

plasma is along the magnetic field lines. (Ma and Schunk, 1993; Schunk and

Szuszczewicz, 1991) At an angle of 95 degrees to the geomagnetic field, there was not a

large parallel component in G-1 and G-1 lb. However, at the time of the O+ increase,

QIMS was receiving particles with a small additional parallel component due to the

spherical expansion. If the density surge was a result mostly of timing of the ram receive

direction of QIMS with the front edge of the cloud, then it is a coincidence that both

releases show the same timing. However, it may also be unrealistic to consider the

apparent O+ behavior to be a true indication of the cloud expansion. The increase seen is

definitely comparable in magnitude to the largest results produced in simulations. Also,

the effect occurred at around 2 seconds after detonation, after Delamere et al. (1995)

observed large-scale skidding to have disappeared. Additional information such as

continuous temperature plots, which was not available, might have proven helpful in

making a more certain determination here.
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3. Background Theory

3.1 Ionospheric Chemistry

The ionosphere begins where charged particles start to populate the atmosphere and

extends upwards. The chemical profile of this atmospheric region changes with height.

At the lowest altitudes (60-90 km), atomic and molecular ions are present in both positive

and negative form. At around 100 to 200 km, negative molecular ions cease to be present

in significant numbers. Finally, above 200 km, the primary charged particles are positive

atomic ions. (Hargreaves, 1992) The species present determine the chemical activity of

each of these regions. The location of the CIV experiments was in the highest (called the

F2) region where the chemistry is the simplest and the highest plasma densities (around

12
10 ions m"3 ) reside. This uppermost part of the ionosphere stretches through the F2

density maximum (350-450 km) and upwards. Below a mobile boundary that positions

itself anywhere from 1000 to 500 km (depending on the time of day and year, solar cycle,

latitude, and geomagnetic conditions), singly ionized oxygen is by far the most numerous

ionic constituent. Other ions exist--most notably hydrogen and helium--but at an altitude

of 475 km it is oxygen that is the most numerous and the most important to the

experiment studied here. The oxygen dominance is reflected in the fact that the mean

molecular weight at this altitude is right around 16 atomic mass units (U.S. Standard

Atmosphere, 1976). Outside of this sphere and beyond the reach of the CRRES G- 1 and

G-l lb release heights, hydrogen ions become more numerous than oxygen. (Kelley,

1989; Gonzalez et al., 1992) As Tascione (1988) states, this regime is often differentiated
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from the ionosphere and referred to as the plasmasphere. The region of oxygen ion

dominance, that with which this thesis is concerned, is called the topside ionosphere.

Principal reactions occurring naturally in the F2 region include photoionization,

photodetachment, electron-ion recombination, ion-ion recombination, and charge

exchange, as listed respectively below,

X + hv - X + e (2a)

X- + hv - X + e (2b)

X+ + e -> X (2c)

X+ + Y -+ X + Y (2d)

X+ + Y - X + Y+ (2e)

where X and Y are atomic particles, hv represents a photon, and e is an electron.

(Rishbeth and Garriott, 1969) At F2-region altitudes, the ionosphere becomes optically

thin to ionizing UV radiation, meaning that the atmosphere is rare enough that all

particles are equally exposed to solar high energy photons. Due to the abundance of both

atomic oxygen and UV radiation, then, the dominant process is the photoionization of

oxygen by Lyman-band photons. Recombination involving atom-ion interchanges with

molecules occurs also, but since molecular densities are relatively low this high in the

atmosphere, the loss rate is not able to empty the upper regions of the ionosphere at night.

(Tascione, 1988) Plasma densities simply decrease around a half to an order of

magnitude or so while the sun's energy is absent (Kelley, 1989).

One more aspect of the ionosphere was important to this study. In attempting to

model ionization processes, it is important to know the relative velocity between the
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interacting particles. The speed of the released gas is known; the motion of ambient

ionospheric particles is then also required. According to Kelley (1989), the ionosphere to

first order corotates with the earth along with resident neutrals. The zonal rotation speed

of the earth at the equator is around 464 meters per second and neutral winds at this

altitude are usually at most 200-300 meters per second (Hargreaves, 1992). These

velocities are very small compared to the orbital speed of the CRRES satellite and cloud

and thus ambient particles are considered to be at rest.

3.2 Selection of Barium and Strontium

As shown in Table 1, barium was the primary chemical released in the CRRES

experiments. Its weight is 137.33 atomic mass units. Barium has consistently been used

in ionospheric release experiments because it is easily ionized, having an ionization

potential of 5.21 electron volts. (Bernhardt, 1992) It very rapidly ionizes in sunlight,

having a photoionization time constant of 28 seconds (Calrsten, 1975). Another item that

benefited ground observers is the fact that barium ions and neutrals have rather strong

resonance lines in sunlight and both emit radiation in the visible spectrum (Reasoner,

1992).

Strontium weighs in at 87.62 atomic mass units. Its ionization potential is listed as

5.69 electron volts (Bernhardt, 1992). It is present in barium samples most often as an

impurity, but was inserted in additional amounts into some of the CRRES canisters as a

tracer. It would then assist in tracking the neutral cloud by way of its visible emission

lines. Strontium is estimated to have a photoionization time constant of 1920 seconds
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(Wescott et al., 1990), and so was expected to remain part of the neutral cloud. In other

words, significant ionization of Sr atoms was not expected.
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4. Approach to Modeling Problem

4.1 Initial Basic Model: Description and Analysis

The initial model was based on the expansion characteristics of barium clouds

described by D. E. Hunton (1993). This product was used with only slight modification

as the basis for all of the modeling completed in this thesis. Several assumptions were

utilized here. We assumed that the cloud expansion took on the form of a spherically

symmetric gaussian shell. This was also discussed in the section describing the release.

It was also necessary that we consider the cloud to be in radiative equilibrium with

incoming solar radiation. Finally, we assumed that ions were trapped by the earth's

magnetic field immediately after forming and that ion drifts such as that from an ExB

force were insignificant. The following text describes the development of the model and

addresses the validity of these assumptions.

The number density of neutral barium or strontium can be written:

p(r, t) = Pmax (t)exp r-r - vot (3)

where v0 is the peak of the cloud expansion velocity distribution, vwt is the width of the

distribution, and r is the radial distance from the cloud center. The total number of

neutrals at time t can be evaluated by integrating the density over all space:

N(t) = f p(r, t)dv = 47rpmax(t)f r' exp -{r votjdr (4)
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and solving for the peak neutral density at time t:

PmaY(t) = N(t) (5)

4iJ r exp -(tr
0

If an ionization process of time constant -c is assumed to reduce the total number of

neutrals, the neutral number density becomes:

N(t) = NO exp - (6)

where No is the initial number of gaseous neutral atoms in the cloud and - is equal to the

inverse of the ionization rate constant, "k". This rate constant is defined as the product of

the number density "n" of the ionizing particle, the cross section "ay" of the reaction, and

the relative velocity "v" between the 2 particles. Substituting (5) and (6) into (3), an

expression for the density as a function of radial position and time is obtained:

N O exp- exp -( Vt j

p(r, t) 4 f (7)

The denominator can be integrated to simplify the expression. This becomes easier if a u-

substitution is made.

r -Vot r Vou-- (8)
Vwt Vwt Vw

This will be substituted into the exponential. However, the r2 term must also be stated in

terms of u. Using (8), r is found in terms of u:

r = VwtU + vot
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Then:

2 = v2t 2u 2 +2 Vwt 2u + V = 2  2( u + 2VoV U +

and:

du = > ddr = vtdu
vwt

Finally, substitution yields:

[ 2
r-v 0 t 2.

2 vw't 3. 2 2 2 u
r e dr-v i I Vw-U -2.vo.vw.u -V oe du

.0 1

32 2 2~ 2
__~ ~~ ~~W w03  u u2! -

* v Vw. u e du+2-v0.v w. u.eU du v 0 -2 eU du0 W O00

Using integral tables (Weast, 1974-1975), this becomes:

-- ( rV" " Vo 2  (9)2

Then using (9), the density expression in (7) is restated:

2tr- v 0t 2

N 0 "exp-_- *exp
tv wtp(r, t)=--

4- 71 t.v _v w + V 0-v W + --. v 04 2 (10)

This specifies the evolution of the neutral gas cloud; it states the neutral density as a

function of radial distance "r" and time "t". Ground-based optical observations indicate

that the neutral cloud was close to spherically symmetric. The center of the expansion in
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this case was the detonation point of the canister. Here No is the initial number of

vaporized neutral atoms, r is the radial distance from the cloud center, v0 is the expansion

speed of the cloud, t is the time from detonation, and vw is the velocity width of the

Gaussian (or the distance from the average velocity at which the number of particles is

1/e the number at the average). In Fig. 9, the neutral density distribution as a function of

radial distance from the cloud center is shown for both barium and strontium in releases

G-1 and G-1 lb. The function is graphed, from left to right, at times of 1/2, 1, 2, 3, 4, 5,

and 10 seconds. Photoionization is assumed to be the decay factor in these plots. As

expected, they indicate that as time increases the maximum neutral density moves farther

away from the cloud center and decreases as the shell spreads out and rarifies.

What is desired now is an expression for the ions detected at the spacecraft location.

Remember that the while the cloud was expanding and ions were being created, the

spacecraft and cloud system was moving through space at the orbital speed v, . After the

shell moved past the satellite, CRRES no longer saw any neutrals, as indicated in Fig.

6(b). However, it continued to pick up ions formed and trapped on the field lines at some

earlier time when the cloud passed. The assumption that after being formed ions were

immediately trapped by the geomagnetic field lines makes this possible. A

supplementary assumption to this is that if particles had parallel velocity and moved away

from the point at which they were formed (along the field line), there were just as many

that advected in from another point on the same field line and therefore ion density at a

33



1-1 1'
6

15

14

E~ 1. i 12

11
110

. -10 el-

1.10

I or
1.10 51 0

100 1000 11

Radial Distance from Cloud Center (n)

() Strnium

134



particular point on CRRES' path remained relatively constant. The ion density is then:

1.5v(1ion(t )  _k f P(r, t) z (1

where k/vS is multiplied by the integral to yield units of ion density. This quantity is k,

the ionization rate constant (s-'), divided by the orbital speed (m/s).

A final modification will now be added to the model. Since it is from onboard the

spacecraft that the ions are being counted, it is that frame of reference in which the model

should be located. Thus:

k i.5vot

Pion(t)= k f p(r' , t')dz (2)
Vs 0

where r'= VR 2 + z2 and = t - z . R is the displacement of the spacecraft from
VS

the cloud center of mass (around 4 km) and z is the distance along the satellite path. The

new radius definition is depicted in Fig. 10 on the next page.

The first ions counted by QIMS will be formed right at the instrument when the shell

initially contacts the satellite; after this it will be encountering charged particles which

were formed at some earlier time when neutrals passed through that point. The factor

t . ± introduces this time retardation--as larger z's are encountered, ions are being
V3

picked up from earlier times. The integral accounts for the gathering action and the ion

density is calculated as a function of time. At a particular point in time, an integration is

made from zero out to the distance the cloud shell has moved out ahead of the spacecraft.
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The upper limit of the integral determines how far ahead of CRRES to count. The

cloud's position on the path dz is becoming farther away from the satellite at roughly the

expansion velocity v0. So why is the upper integration limit one and a half times v0?

This has to do with the width of the Gaussian velocity distribution. Remember that, v0--

1.33 km/s--is the average speed of the shell and there are particles populating velocities

all the way up to 2 km/s. Thus an upper limit of one and a half times 1.33 ensures that

the limits on the integral reach out far enough to account for the fastest neutrals in the

expanding shell. In actuality, instead of narrowing it down to a precise number that

would account for all ionization, an upper limit much larger than 1.5v 0 could have been

used without having to do any calculation and the same ion number densities would be
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returned. Since there are no fast neutrals to ionize at distances beyond the cloud edge

along the satellite path, the integral would be evaluated as zero there. However, to keep

from doing unnecessary work every time the density function is evaluated, integration

limits as narrow as possible are used.

The number density calculation has been explained in terms of an integration along a

particular path. If this is unclear, another perspective might be useful. Picture counting

the number of ions in existence at a particular point along the spacecraft orbit. This

population consists of relatively new ions, created when the trailing edge of the shell

passed the point, "old" ions, generated when the leading edge of the shell made contact

here, and everything in between. Thus we count ionizations through a period of time at

this particular point from detonation to when CRRES finally gets here. The first few

seconds and the last few seconds of this period may yield zero ion counts, especially at a

point very far from the detonation, but the time interval in which fast neutrals were

transiting will yield the charged particles that formed and then were trapped by the

magnetic field.

4.2 Consideration of Assumptions

Several assumptions were utilized to apply the model previously described to the

CRRES experiments, some of which were mentioned above. One assumption was that

the ions are trapped immediately after being formed. Obviously charged particles will be

trapped by magnetic field lines. According to Schunk and Szuszczewicz (1991), ions

may have as long as a gyroperiod of freedom after formation before actually being

trapped by the field lines. The length of time that an ion could travel across field lines

37



would depend on the strength of the geomagnetic field and the momentum of the particle.

For barium, the gyroperiod, or maximum duration of freedom, amounts to about 0.28

seconds (calculation in Appendix C). Freedom to cross field lines translates to ions

formed on the satellite orbital path "sliding" off of the path before being constrained in

gyroscopic motion. This could be significant, but for purpose of simplicity we

considered it valid to assume that just as many ions "slid" into the path of CRRES as

"slid" off of the path.

Above in the model discussion a supplementary assumption (to ions being trapped)

was made that once particles were trapped by the field lines, any velocity along the lines

would translate to just as many ions advecting in as advecting out. The parallel velocity

component rapidly decreases, as shown in Fig. 11. Here the cloud's expansion can be

seen as it changed with time. The time at which the center of the velocity distribution

reaches each radial distance is on the left side and the average radius of the shell at each

time is listed on the bottom of the page. The lower left comer of the figure is the cloud

center of mass and the tail of the satellite path arrow is the satellite location. The parallel

velocity component along CRRES' path is then listed at each point in the expansion.

After about 6 seconds, the spacecraft was gathering ions whose momentum is almost

entirely perpendicular to the field lines. Earlier than 6 seconds, when parallel velocities

were significant, the ions did not have enough time to move far along the lines before

they were counted by QIMS, since CRRES approached at the 10 km/s orbital velocity.

Thus we neglected the parallel velocity components in the model. In other words, we

assumed that ions formed on the satellite path remained there.
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If an electric field developed, it would have caused the particles to ExB-drift and not

remain stationary at a location in space. This was covered in the snowplow section. In

the CRRES releases G-1 and G-1 lb, it was determined that this effect probably lasted no

more than 7.5 km of travel for much of the cloud (Delamere et al., 1995). Since the

system--satellite and cloud--was moving at the orbital speed, this translates to less than a

second. The cloud edge did not reach the satellite until more than 2 seconds, so we

neglected this effect.

For all ionization processes, we considered all neutral particles in the cloud to be

equally exposed to ionizing particles (ambient neutrals and ions) and energy (sunlight).

For photoionization this condition corresponds to radiative equilibrium with incoming

solar radiation, which is covered later in the photoionization section. Based on

information in that section, radiative equilibrium was considered a valid assumption. For

collisional processes, the above condition implies that all ambient particles were able to

penetrate the expanding cloud. Based on the fact that the cloud expansion was nearly

collisionless and that the polarization electric field associated with the snowplow effect

lasted less than a second, we considered the barium cloud to have been nearly transparent

to all particles in the ambient ionosphere.

4.3 Validation of Initial Model and Normalization

Once the ion density integral was defined, it was necessary to compare it to the data to

see if the form matched. Data taken by QIMS is in units of counts per time, a relative

measure of flux, while output from the model is in counts per volume, an absolute

measure. In order to compare the two, a normalization was accomplished. We chose the
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data set from the CRRES releases about which the most was known and normalized the

model to that. The obvious choice was the barium sunlit data (G-l), since it is almost

unquestioned that photoionization dominates all other processes in sunlight. Thus UV

radiation was assumed to be the only ioniziation source. Then the initial peaks in both

the data and the model were compared. The number that when multiplied by the model

made the maximum intensities of the two peaks (G-1 experimental data and model

output) exactly match became the normalization factor. The normalized model and G-1

barium data are shown together in Fig. 12. Here the solid line is the model and the dotted

plot is the data. The less-than-perfect fit for the second and third peaks in the data is

probably due to either recombination or ions moving off of the satellite path at times

where the cloud has expanded out to long distances in front of CRRES.

4.4 Rotation of Spacecraft

Another obvious trait displayed by the data is the periodic nature of the number of

counts instead of a steady decay as produced by the model. This is due to rotation of the

spacecraft. As pictured in Fig. 3 in the section describing QIMS, the spectrometer is

pointed radially outward perpendicular to the satellite spin axis. Thus the strength of the

flux into the instrument varied sinusoidally as the aperture plate moved into and out of

the ion flow. The satellite rotated at approximately 2.02 revolutions per minute (rpm).

This was calculated from time-dependent data including the angles between the QIMS

pointing direction and the velocity and magnetic field vectors. This may not be exact, as

the angle data was not of high time resolution, and there were some indications that the
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rotation period may have grown slightly longer as time went on. Publications list the spin

rate as 2.0 rpm (Johnson and Kierein, 1992), so our calculation was considered close

enough. As was discussed above, the ions gyrated around the field lines after they were

formed and thus were doing so when counted by the spectrometer. Since the bulk of the

charged particles have very little parallel velocity, the maximum sensitivity of the

instrument was when it was pointing perpendicular to the geomagnetic field. At this

point the ions, whose instantaneous velocity was constantly perpendicular to the field

lines, would have entered QIMS at the highest rate. This situation existed twice per

rotation period, or about every 15 seconds. The behavior of the data can then be imitated

by including in the model a sine factor accounting for the rotation. This is shown in

Fig. 13. Here the three plots include from top to bottom the pure model results without

rotation considered, the model with rotation, and the QIMS barium ion counts from the

G-1 release. Once this behavior of the QIMS data was properly modeled with satellite

rotation, it was set aside and no longer included in the model. Thus it will no longer be

used in this paper.
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5. Discussion of Results

5.1 Research into Ionization Processes

Given the conditions in the ionosphere surrounding the CRRES releases, 6 sources of

ionization were considered as possible processes responsible for the ion fluxes measured.

They are photoionization, charge exchange, electron impact, associative ionization.

charge stripping, and thermal ionization from the thermite bum. Each of these are

discussed here. A determination is also made as to the likelihood of the process'

involvement in the chemical releases. Following this discussion, the likely reactions are

modeled and compared to the experimental data in the next section.

5.1.1 Photoionization

Of all the ionization processes considered in this study, solar UV photoionization is

probably the best understood. It takes the following form:

Ba + hv -- Ba + + e (13)

Sr + hv -> Sr + + e

Before the chemical release experiments were installed into the CRRES platform, the

decision was made to include barium and strontium in the G-1 and G-l lb canisters. As

was stated earlier, barium was known to photoionize easily and earlier time constant

calculations for strontium had only resulted in very high values. Thus high ion fluxes

were expected for barium in sunlight while ionization of strontium was not expected.

However, the data only partially agreed with this prediction. There was certainly a large

amount of barium ion production in the sunlight, but there was an even higher rate of
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ionization for strontium under the same conditions. Therefore photoionization and its

properties were reconsidered.

Before any of the time constants were evaluated, we had to make a determination of

the cloud's exposure to UV radiation. Could the cloud be considered optically thin? By

optically thin, we mean that each neutral particle in the cloud had to be equally exposed

to sunlight. Light which ionizes barium is shorter than 326.5 nanometers (Drapatz,

1972). Radiation of those wavelengths has enough energy to surpass the ionization

potential. Using a solar flux below this cutoff of 4 x 1019 photons per m2 per second, the

21 2barium time constant of 28 seconds corresponds to a cross section of 10- m . Thus the

21 2
column density within the neutral shell must fall below 10 per m before the cloud can

be considered optically thin. (Delamere et al., 1995) Obtaining the maximum neutral

density from Fig. 9 and dividing by the cloud's diameter, I concluded that this condition

must have been present within a small fraction of a second. For the G-9 release, which

involved three times more mass than G-l and G-1 ib, Delamere et al. calculated a time of

20 milliseconds at which the column density requirement is met. Therefore we

considered the barium cloud to have been optically thin. Strontium was also considered

to be optically thin as its number density is much lower than barium. However, this

should not be important, as its photoionization rate is insignificant in comparison to the

other process(es) that must have occurred.

Next, since the model was normalized to the barium sun data assuming solar radiation

as the dominant source of ionization, I reviewed the calculation of the 28 second time

constant. Drapatz (1972) found from experimental work that solar flux at the frequencies
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necessary to ionize barium directly from the ground state was not adequate to explain the

rates of ion formation in artificial clouds in the ionosphere. However, flux densities at

frequencies required to ionize the atoms from some metastable states, particularly the 1 D

and 3D levels, are much higher. Metastable states are elevated atomic energy levels in

which transition directly to the ground state is electric dipole forbidden. Thus the lifetime

of these excited states is typically on the order of milliseconds or longer. He also noticed

that in an optically thin cloud these metastable states were rapidly populated. The basic

conclusion was that photoionization in barium atoms is primarily from the metastable

states. Carlsten (1975) completed a detailed determination of the time constant by

calculating the equilibrium populations of the metastable levels and using spectroscopic

data from atomic transitions. He found that barium is most readily ionized from the

triplet D level and that the composite photoionization time constant from the ground state

is 28 ± 6 seconds. This number then was used with confidence throughout this thesis.

There is less certainty in the time constant for strontium in many of the publications.

Already referenced was the study that seems to have the best argument for its finding.

Wescott et al. (1990) find a time constant of 1920 (± 30%) seconds. Earlier calculations

had placed the value at even longer times. From calculations by Wolf (1995b), solar

radiation is not adequate to significantly populate the long-lived metastable levels. Thus

strontium cannot take advantage of elevated energy states as a "stepping stone" to shorten

the time to charge loss. A higher frequency photon is required for ionization than would

be for an excited atom. When the lack of metastable state population to increase the rate

of photoionization is combined with the fact that strontium has a higher ionization
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potential than barium and the solar flux density is even lower at these higher frequencies,

it makes sense that strontium has a much longer time constant. We then used a

photoionization constant of 1920 seconds for strontium.

5.1.2 Charge Exchange

Charge exchange (CE) is another reaction that has been researched. It takes the form:

Ba + Ba -+ Ba + Ba (14)

Sr + Sr+ -* Sr + + Sr

or:

Ba + X + -- Ba + + X (15)

Sr + X + -* Sr + + X

(14) and (15) describe, respectively, resonant and nonresonant charge exchange.

Resonant CE in this case would involve barium neutrals transferring an electron to

barium ions and would not change the ion density. This type of charge transfer was not

considered here. Nonresonant charge exchange between fast neutrals (Ba and Sr atoms

traveling at 10 km/s as opposed to ambient neutral particles traveling at only 400-500

m/s) and ambient ions may produce high numbers of barium ions. This reaction has an

advantage in that it generally requires no minimum velocity (exothermic) and utilizes

ions already present in the environment surrounding the CRRES experiments. As stated

in the ionospheric chemistry section, atomic oxygen is the dominant charged particle at

around 500 km. It then would be the primary species interacting with barium as in (15).

Liou and Torbert (1995) conducted detailed calculations of charge exchange cross

sections which produced good results. Wolf (1995a) used a similar method and for the
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20 2
ground states of barium and O, estimated the cross section at 7x 10- m . The cross

section of strontium and oxygen ion ground states obtained was 8x10 "2 1 m2 .

The O data from QIMS indicated that densities were more than an order of magnitude

higher in sunlight than in the dark. Electron densities indicated the reverse trend. As the

CRRES summary at the beginning of this paper shows, the Langmuir probe measured

5x1011 electrons per m3 in G-1 and 7x10 I electrons per m3 in G-1 lb. The O data seems

more credible, since it makes more sense that the ionosphere would exhibit higher plasma

densities on the dayside than on the nightside. It is possible that QIMS was more

sensitive in one release than the other due to differences in the angle at which the

particles were interrogated. Also, it is not known when the electron densities were

measured for each release. Thus we igored the reverse density trend in the Langmuir

probe data. Since the 0 + concentration at 500 km is an order of magnitude greater than

that of any other ion, we assumed it to be identical to the electron density. It also was

assumed to increase by a half an order of magnitude from dark to light. The densities

used were 5x1011 and lxlO12 ions per m3 , respectively.

Another way to gauge the likelihood of an interaction between two particles in a

confined area is to calculate the mean free path, which is shown in Appendix C. For

charge exchange between barium or strontium and O, the distance one of these fast

neutrals is likely to travel before encountering an ambient ion (definition of mean free

path) is on the order of 104 km. This is quite a long distance compared to the dimensions

of the neutral cloud. The calculation here agrees with that found by Wescott et al. (1994),

who find a mean free path of 42,000 km. In contrast, Delamere et al. (1995) calculate a
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distance of a few km between collisions and Swenson et al. (1991) find that the correct

value at an altitude of 400 km is approximately 15 km. It is not known how these

numbers were obtained, although that it is possible that they calculated instead the

distance an 0+ particle would travel before impacting Ba or Sr. Due to the reasonable

certainty in the calculations completed in the appendix, the resulting much larger number

was used. Such a large mean free path and low collision frequency implies that CE might

not have been important in the CRRES releases, although early on in the experiment

when neutral densities were high, there still might have been a significant number of

collisions between barium or strontium and O+ when considering the entire cloud

population. In other words, a very small percentage of a very large number of neutral

atoms experiencing ionizing collisions could still have produced a significant number of

ions.

Finally, available studies of optical results were researched. Emission rates from both

the G-1 and G-1 lb releases were analyzed in a paper by Stenbaek-Nielsen et al. (1993).

The barium ion resulting from charge exchange with ground states O+ is in an excited

state and should lead to emissions at 4957 and 5013 Angstroms. These lines are

completely missing from the data. The light from the thermite burst would probably have

covered up this evidence during detonation, but the emissions do not appear after any

amount of time. This suggests that either charge exchange did not occur except in

minimal amounts, or if it did, it was limited to the first few seconds when the photo burst

from the titanium-boron reaction flooded optical sensors.
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The second option might be conceivable if a detail of the QIMS O data is considered

to be real. These results show over an order of magnitude jump in the oxygen ion density

at the leading edge of the expanding neutral cloud in both releases. This occurred at a

time and stage of the expansion when neutral densities were high enough that even with a

very low collision frequency, enough interactions might have taken place to produce

significant charge exchange products compared to the experimental results. However, if

it is real, it is not certain from where this density increase could have emanated. The

snowplow effect (discussed above) is a possible source, but there is debate as to how

much of an ambient increase can be caused by this phenomenon. If charge exchange

were to occur at the very front edge of the cloud, it would also take advantage of higher

neutral velocities, which would result in a higher reaction cross section. Until the O

density "spike" can be physically explained, however, this proposed situation cannot be

taken as a fact in the CRRES experiments.

5.1.3 Electron Impact

Electron impact ionization (EI) is the process by which CIV is primarily rendered

(Mobius et al., 1987). It involves high energy electrons colliding with the fast neutrals

and yielding an ion:

Ba + e -* Ba + 2e (16)

Sr + e -+ Sr + + 2e

This reaction is self-sustaining only as long as Townsend's condition is met. Basically,

this criterion requires that electrons within a cloud and with high enough energy to ionize

barium or strontium must ionize at least one atom before escaping the cloud. This is
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further expained in Appendix A. If Townsend's condition ceases to be met, some other

ionization process has to supply seed ions in order for electron impact to be perpetuated.

Two papers were sources of cross sections for El: McFarland (1967) and Vainshtein

et al. (1972). These took different approaches to calculating probabilities for several

different species and compared them to experimental data. Values used for the purposes

of this study resulted from taking an average of the two papers for both barium and

strontium. The results were 1.2x 10 9 m 2 for barium and 8x 10-2  m 2 for strontium.

These are based on electron energies of 10 eV, requiring very high velocities. Thus a

mechanism such as CIV would be required to heat the electron population in order for El

to be very efficient. At lower electron kinetic temperatures, the cross sections

significantly decrease.

5.1.4 Associative Ionization

Associative ionization (Al) has only recently been considered as a possible ion source

in neutral gas releases in space. Lai et al. (1992a) investigated AI as both an independent

ion production mechanism as well as an accelerant to the CIV process adding hot

electrons to the cloud in the CRIT II case. Lai and Murad (1989b) looked back at early

CIV experiments that reported enhanced ionization--Porcupine and Bubble Machine--and

demonstrated that it was possible that Al had accounted for the fast ion production.

There is still not much known about it, though. Cross section determinations have

primarily been educated speculations. However, this process was still investigated given

the limited information available.
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To start with, associative ionization for barium and strontium is:

Ba + 0 -+ BaO + e (17)

Sr + 0 -* SrO + e

Both of these reactions are endothermic. The threshold energy for barium in the center of

mass frame is 0.68 ± 0.07 electron volts (eV) or 6.5 eV in the laboratory frame. The

difference between the energy requirement for laboratory and center of mass reference

frames is due to the requirement that momentum be conserved throughout the reaction. A

velocity of around 3 km/s in the laboratory frame (same as earth reference frame) is then

required, which is easily met in both releases. (Lai et al., 1992a) The energy requirement

for strontium to participate here might be assumed to be similar, since its ionizing

potential is so close (6.60 ± 0.05 eV to barium's 6.46 ± 0.07 eV) (Dyke et al., 1987). In

order for Al to contribute to the ion counts seen in the experiments, the barium and

strontium oxide ions would need somehow to be converted to Ba + and Sr+. According to

Lai et al. (1992a), the primary mechanism for this is Lyman-alpha (UV) radiation,

through either of the following schemes:

Scheme I

BaO+ + hv -+ Ba + + 0 (18)

Scheme 2

BaO+ + hv -- BaO+  + e (19)

BaO++ -> Ba + + 0 +

Either (18) or (19) would enable Al to produce atomic barium ions indistinguishable from

ions yielded by any of the other processes.
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Immediately there is one noticeable advantage to this ionization method. At 500 km

altitude the most numerous ionospheric particle, neutral or ion, is atomic oxygen.

Densities are around 1014 per m3 (U.S. Standard Atmosphere, 1976). With guesses for

cross sections of 10-20 m2 from Lai and Murad (1989b) and between 10 19 and 10-21 m2

from Lai et al. (1992a), ion production could be quite significant.

Evidence for Al occurrence in the CRRES releases was then sought out. The results

were negative. Wescott et al. (1994) looked for increased 4554 Angstrom emissions that

should be present if BaO+ is dissociating on a large scale. These were not observed.

Another possibility for signs of Al could have been found in the QIMS data. Since the

spectrometer was supposed to be sensitive up to 155 amu's, BaO+ at 153 and SrO+ at 103

amu's should have registered. However, since planners did not anticipate Al occurrence,

the instrument was not directed to look for particles of those masses. Any such counts

would not have been recorded. (Hunton, personal communication) The final

consideration was that in accordance with known processes, Al would require sunlight to

produce Ba+. This was simply not present in the G-l lb release until approximately 20

seconds after detonation. Most of the barium ion counts had already been taken. Thus

associative ionization was not investigated any further and was determined to not have

played a part in the CRRES chemical release experiments. It is possible that there are

other methods by which BaO could dissociate, such as collisions with ambient particles,

but the cross sections of these processes are unknown at this time.
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5.1.5 Charge Stripping

Charge stripping is the last ionization process that was investigated in the

interpretation of the CRRES data. It is also endothermic and according to Stenbaek-

Nielsen et al. (1990) has a threshold energy of 5.21 eV for barium in the center of mass

frame. This requires the neutrals to be moving at a rapid 8.4 km/s, assuming the ambients

are at rest. For strontium the threshold energy would be 5.69 eV (the ionization

potential), necessitating a velocity of around 8.8 km/s. These basic requirements were

met in both the G-l and G-1 lb releases and so the research continued. The basic form is:

Ba + 0 -* Ba + + 0 + e (20)

Sr + 0 -> Sr + + 0 + e

As is evident, this is another reaction that takes advantage of the naturally high

concentrations of atomic oxygen. It has an advantage over AI in that it converts neutral

barium and strontium directly to Ba and Sr+. The disadvantage is that even less is

known about stripping cross sections. There have been several theoretical studies done,

but no laboratory tests were found with which these estimates could be compared.

According to Stenbaek-Nielsen et al. (1990), cross sections produced by these studies

have ranged from 10.22 up to 10-20 m2 for barium interacting with the ambient oxygen.

Similar cross section estimates for strontium have not been found. The action taken upon

acquiring this information was to test the range of cross sections for Ba against the

experimental data- given the standard oxygen densities at the resident height in the

atmosphere. The results of this action are shown in the next section.
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5.1.6 Thermal Ionization and Population of Metastable States from Thermite Burn

The titanium-boron reaction required to vaporize the barium and strontium was stated

earlier. Stenbaek-Nielsen et al. (1993) state that the temperature brought about by this

detonation in each release was 2750 Kelvins. This is about twice the usual ambient

temperature at this altitude (Kelley, 1989), so the possibility of ionization due to initial

thermal effects was investigated. As reported by Hunton (1994), this does not even

present enough energy to significantly populate the metastable states of barium and

strontium. Stenbaek-Nielsen et al. (1990) found that the same reaction in the CRIT I

release could not have much consequence. The small amount of ionization that would

occur must do so in the first few tens of microseconds after detonation. These ions would

never reach the spacecraft, of course. Also, CRIT I was a shaped charge release, which

would concentrate the thermal energy more and allow a slower temperature fall-off with

time than in a spherical expansion. A CRRES-type cloud would thermally produce even

fewer ions. This source was then ignored.

5.2 Comparison of Modeled Processes to Experimental Data

We then had 4 reactions for which conditions were favorable and which were possible

sources of ionization in the CRRES releases. For each of these processes, the model was

compared to the appropriate data set, using the ionization time constant and rate constant

as shown in the model section. It is important to remember that the speed or efficiency of

each reaction depends on 3 factors, the number density of the ionizing particle, the cross

section or probability of occurrence of the reaction, and the relative velocity between the

species involved. The relative velocity is the same no matter what the reaction, so the
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relative dominance of any process depends on the number density and cross section. If in

the comparison of 2 reactions "a" and "b", we find that the cross section of "a" is 100

times greater than that of "b", but the number density in "b" is 100 times greater than that

in "a", the yields in ion density will be equal. This is important to keep in mind as the

comparisons are made.

The time constants required for the model to match each of the data sets were

calculated in Appendix C. The value of -c needed to match the barium G-l ion flux would

simply be the photoionization time constant, 28 seconds, since the model was normalized

to that data. The time constants required to match the G-1 strontium and G-1 lb barium

and strontium data sets are 26, 260, and 90 seconds respectively. Thus the strontium

neutrals were apparently ionized at about the same rate as the barium atoms in G- 1 (sunlit

release) and at a much faster rate in G- 11 b (darkness release). This section will basically

be comparing the time constants for each of the 4 processes to those required to match the

data. For all the comparisons, the model curve is displayed as a solid line and the data as

a dotted line. In addition, where the model output falls below the baseline of the

experimental data represents an ion flux below the sensitivity of the spectrometer.

5.2.1 Photoionization

The model was normalized to the barium sunlit release (G-1) assuming

photoionization, so the 2 curves exactly match and there is no need for further

comparison. However, in the strontium G-1 data, we found a surprising result. As shown

in Fig. 2, there was a significant ion flux measured. In Fig. 14, strontium photoionization
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is compared to the G-1 data. Our model falls almost 2 orders of magnitude short of

matching the data. Another process must be producing the strontium ions in sunlight.
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Figure 14. Comparison of Photoionization Model with Data

5.2.2 Charge Exchange

Conditions favorable to charge exchange were present in both sunlight and darkness.

Thus the model is compared to the measured ion fluxes for both releases. The only

change is that, as stated above, we assumed the 0 + density to be half an order of

magnitude higher on the day side of the terminator. In Fig. 15 (a) and (b), the nighttime

CE model is shown with the G-1 data for both barium and strontium, and in (c) and (d),

CE in sunlight is compared to the G-1 lb data. For barium in sunlight, we find that the

model produces a first maximum about one and a half orders of magnitude smaller than

the maximum flux measured in the experiment. This was expected, since the model was
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normalized using photoionization and charge exchange is a much slower reaction than

photoionization for barium. Initially, we thought that CE would be dominant in the G-

1 lb release, where sunlight was absent. However, we also found a one and a half order

of magnitude difference between the CE model output and the barium data in darkness.

Analyzing the strontium comparisons, we see that CE can account for neither the G-1

data, in which the model output is a half an order of magnitude less than the measured

flux, nor the G-1 lb case, in which there is a whole order of magnitude shortfall.

What has not been considered in the modeling of charge exchange is the possible role

of metastable states. Generally speaking, the cross sections for charge transfer between

barium and strontium metastables and 0 + are higher than those for the ground states

(Wolf, 1995b). These have been ignored here. It is unknown whether or not a large

portion of the neutral cloud was elevated to metastable states. In the release without

sunlight, this would have required a mechanism to energize the particles, most likely

kinetic heating. Hunton (1994) calculated the population of these levels for different

temperatures and found that there was not a significant number of atoms in metastable

states until around 10,000 Kelvins. At this temperature, 15 percent of the barium and 12

percent of the strontium atoms would be in the forbidden energy levels. This obviously

would require that a highly efficient energy transfer, such as in CIV, was taking place to

energize the particles and produce such high temperatures. However, since even 15

percent of the population in metastable states could not produce a model output

comparable in magnitude to the data and there is no way of knowing the temperature

reached in the early-time cloud, the metastable states were ignored. Charge exchange as
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modeled in this study cannot reproduce the magnitude of ion fluxes measured in G- 1 and

G-1lb.

5.2.3 Electron Impact

Recall that the EI cross sections used are for 10 eV ("hot") electrons. Since the

daytime and nighttime electron densities in the reaction are defined as I xl 012 and 5xlO 11

electrons per m3 respectively, we are assuming the number of hot electrons to be equal to

the normal ionospheric plasma density. The El model output is compared to both barium

and strontium ion fluxes for first the G-l release in Fig. 17 (a) and (b) and then for G-1 lb

in (c) and (d). We found that the El model produced an ion flux one order of magnitude

less than that in the barium G- 1 experiment and one and a half orders of magnitude less in

all the other data sets. Assuming that the cross sections are not any higher, the energetic

electron densities would have to be higher than that used for these calculations in order to

match the experimental results. The electron number densities required to match the

intensities of the experimental results can be found using the cross sections from

McFarland and Vainshtein and the ionization time constants of the experimental data

mentioned in section 5.2. For G-l lb the electron density needed is approximately 3x10 12

m "3 for Ba and 1x10 13 m 3 for Sr. For the strontium sunlit release, the required electron

density would be about 4x1013 M -3 
. These are on the order of or higher than normal

daytime ionospheric densities. Given that only 10 percent of the electron population is

typically in the hot tail of the energy distribution, as discussed in the CIV theory section

in Appendix A (Lai et al., 1989b), it is obvious that Alfven's process (CIV or self-

sustaining EI) would have been limited to very early times in the experiment when
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densities were high. As for conclusions on whether or not CIV took place via electron

impact, that is uncertain. What does seem to be certain is that El by itself could not have

accounted for the ion fluxes measured by QIMS.

5.2.4 Charge Stripping

Since the only available estimates for cross sections of charge stripping by atomic

oxygen were for barium, there is no model comparison with the strontium data. For the

case of Ba, the stripping model using the conservative end of the cross section range is

compared to the G-1 and G-1 lb data in Fig. 18 (a) and (b). Here, the result is similar to

that of charge exchange and electron impact. The ion flux measured in sunlight is more

than 2 orders of magnitude greater than the model output and the ion flux in darkness

displays one and a half orders of magnitude greater intensity than the model. In Fig. 18

(c) and (d), the stripping model is again compared to the experimental data, this time

using the high estimate for the cross section. In this case we found that the charge

stripping model yielded an ion flux comparable in magnitude to that measured in the

sunlit release and an order of magnitude greater than the quantity measured in darkness.

In this hypothetical situation, the output of the model and speed of the reaction are

comparable to those of photoionization. Thus the range of available cross section

estimates encompasses the experimental results.
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Using the time constants required to match each set of data (discussed in section 5.2) and

an atomic oxygen density of 1014 atoms m"3 , the charge stripping cross sections required

to exactly match the experimental data were calculated. These values are summarized as

follows in Table 2:

Table 2. Required Cross Sections for Charge Stripping to Match Data

Ba Dark: 7 x 1022 m2

Sr Light: 7 x 10-21 m2

Sr Dark: 2 x 102 1 m2

These fall within the latitude of values for barium that were listed above. The reason that

charge stripping works better than charge exchange or electron impact is because of what

was discussed at the beginning of 5.2. The ionization rate constant is directly related to

the product of "n" and "a", and even if the stripping cross section is an order of

magnitude or so less than that for CE or El, the atomic oxygen density is at least 2 orders

of magnitude greater than that of O+ or electrons. Assuming Sr reacts similarly with

atomic oxygen, this reaction is also a possible source of ions in the CRRES experiments.

In fact, stripping very well poses a possibility as being the dominant collisional process in

these releases. The positive results of this comparison must of course be tempered with

the fact that, as we mentioned before, the cross sections listed are only estimates and have

not been experimentally tested as far as we know. Further research would have to be

accomplished in order to extend this charge stripping solution beyond a hypothesis.
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5.3 Investigation of Twin Peaks at First Maximum

A peculiarity evident in both barium and strontium data sets in both releases is the

appearance of two miniature peaks forming the first flux maximum encountered at QIMS.

In sunlight this appears as two equally intense peaks, while in G-l lb the initial sub-vertex

is of less strength than the one following. This behavior in G-l barium and strontium and

G-1 lb barium and strontium is shown in Fig. 19 (a) - (d) respectively.

We investigated several mechanisms to see if they could explain this phenomenon. A

physical explanation is required to properly account for what is seen in the data. It was

noticed early on that the charge exchange reaction, especially utilizing the higher O

densities "seen" at the cloud leading edge, could easily account for the magnitude of the

first and smaller minor peak in G- 11 b. The timing of this first peak corresponds to the

fastest barium and strontium neutrals at the front edge of the expanding shell. As

calculated in Wolf (1995a), the charge exchange cross sections for Ba and Sr increases

with increasing energy. These faster particles could have been interacting with the

ambient ions in the O+ density "bump" mentioned earlier in the snowplow section, which

also occurred at the same time as the first miniature Ba + and Sr+ peak. This situation

represented the best conditions for charge exchange available throughout the experiment.

If this is the case then what faster Ba+-producing reaction could have created the

second larger maximum? As seen above, the charge stripping reaction is a potential

candidate. This mechanism requires neutral atomic oxygen to produce ionize Ba/Sr. One

idea was briefly considered in which these particles would be temporarily evacuated by

the shock wave of detonation, effectively giving stripping a "late start." However, an
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order of magnitude decrease in the 0 density would be required to provide an adequate

delay. This is unrealistic, since the environment is considered at least nearly collisionless

and pushing 90 percent of the particles outwards would imply a highly collisional

environment. This idea was then abandoned.

We also considered the possiblity that the stripping cross section is highly velocity

dependent. For most reactions, the cross section increases with velocity (kinetic energy)

up to a maximum value and then falls off with larger velocities. Nothing is really known

about the behavior or velocity dependence of the stripping probability, but we

hypothesized here that the velocities in G-1 and G-1 lb (10 - 12 km/s) were in the region

of the stripping cross section curve in which the reaction probability decreases with

kinetic energy. The cross section would then have increased at CRRES as the spacecraft

encountered the fastest expanding particles first, followed gradually by the slower

individuals. For the change to be significant enough to allow for the delay in the second

flux maximum, an order and a half change in the magnitude is required within a time of

around 4 seconds. In addition, a linear change of velocity with time is not fast enough to

allow the ion production to decrease from charge exchange before stripping begins. The

behavior must display quadratic or even exponential growth over time. This hypothesis

then depends on very rapid cross section growth as well as on a relatively unknown

ionization process (stripping).

A third possibility that we only briefly considered is related to a finding by Delamere

et al. (1995). What was observed here was a backjet and expanding neutral disk traveling

in the reverse direction of the cloud center of mass and formed about two or three seconds
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after detonation. They theorized that this neutral disk formed and propagated due to

resonant charge exchange between Ba and Ba +. We investigated whether or not these

neutrals could have yielded a second Ba population reaching the spacecraft and producing

ions, causing the early miniature peak in both releases. Due to the fact that the disk was

traveling opposite to the orbit direction at 10 km/s (20 km/s relative to the cloud and

CRRES) it would have had to be large enough to already be out at the position of QIMS

when it was first observed. However, the radius is not stated in the paper and it is

difficult if not impossible to explain how the neutrals making up the disk could reach the

satellite in advance of the main neutral cloud. Due to the high velocity of the disk in the

opposite direction of CRRES and the unlikelihood of these particles reaching its position,

we determined that this option could not have been a source of additional ions.

The timing of the peaks in the 4 data sets divulges some additional information which

may be relevant to the explanation of the double peak. In both G-1 and G-1 lb, the first

miniature crest occurs outside of the normal rotation period. The second minor crest is

just under 15 seconds from the next major peak, and this maximum is just over 15

seconds from the third major peak. Thus these are separated roughly by half the period of

the spacecraft rotation as expected. The first miniature crest is between 2 to 3 seconds

out of phase with this cycle. It occurs at the same time as the 0 + density increase. What

this means is that either the ionization of the cloud was characterized by some process

occurring primarily at the very far front of the cloud or that the double peak is not due to

physical processes occurring in the cloud but is simply a phenomenon of QIMS, perhaps

related to the manner in which the spectrometer rotated through the ion cloud. If the first
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option is true, it might be an indication of an increased rate of charge exchange in the

dark release due to both the O+ density bump and the higher velocity particles at the

leading edge exhibiting a higher cross section. In the sunlit release it could represent the

elevated charge exchange effect plus photoionization ionizing the neutrals out on the

front fringes of the expanding shell. However, this option still requires a mechanism to

explain a delay in an additional process creating the second minor peak. The split nature

of the first peak in the experimental data was also modeled assuming that a double

process was responsible. Since there is not yet a physical justification for such a process,

the comparison between this model and the data is not discussed here but is included in

Appendix B.
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6. Synopsis

6.1 Summary of Results

We have not been able to match the CRRES data using known processes with fairly

certain cross sections. We have, however, established that photoionization is not able to

account for the Sr flux in sunlight and the ground state charge exchange model is not

able to reproduce either the Ba or Sr+ flux in darkness or sunlight. The model output

was anywhere from a half to two orders of magnitude less than the maximum fluxes

measured by QIMS. Summations of the tested processes, such as strontium

photoionization plus charge exchange, were not able to account for the experimental ion

counts either. Stripping ionization, about which there is not much known, presents the

best possible explanation of the CRRES data, even though it remains speculation without

experimentally proven cross sections. While CIV is also capable of producing large ion

number densities, if it did occur it probably would only have been able to maintain the

required temperatures and densities through the first second or two of the releases. CIV

may have been able to increase the cross sections of other processes such as charge

exchange through population of the metastable states, but kinetic temperatures would

have had to rise to at least 10,000 Kelvins in order to significantly do so. At this point in

time there is no way of knowing if such plasma heating took place. The optical evidence

from these releases certainly do not seem to indicate such high temperatures. It is much

easier to envision that a process such as stripping was accountable for the higher than

expected ion counts. This takes advantage of the plentiful neutral atomic oxygen present

at these altitudes. Table 3 summarizes these findings by listing each ionization process
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considered and whether or not the modeled process was able to match the appropriate

data set.

Table 3. Summary of CRRES Modeling Results

Ionization CRRES G- 1 Release CRRES G- 11 b Release

Process Barium Strontium Barium Strontium

Photoionization Yes No NA NA

Charge Exchange No No No No

Electron Impact No No No No

Associative Ionization No No No No

Charge Stripping Yes Yes Yes Yes

Thermal Ionization No No No No

The findings from the modeling of the split peak in the first ion flux maximum of the

QIMS data are also somewhat vague. There appears to be signs that 2 processes might

have been responsible. The problem resides in explaining the delay in a second process.

A rapid increase in the stripping cross section from near zero to a much larger value

would be adequate to do so, but nothing is known of this parameter to suggest that this is

justifiable.

6.2 Conclusions

The ion data from the CRRES experiments of 1991 has presented some interesting and

difficult problems to solve. As this thesis progressed further and further, the objective

became more and more complex. The unknowns in the experiment also continued to
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increase throughout the investigation, or at least awareness of them continuously

expanded. Additional and more detailed research is needed to properly understand the

results of these releases. In particular, effort would be valuably spent in three major

areas. The first would be to gather more data from the onboard instruments and ground-

based diagnostics that were active during the releases to determine the exact direction the

canisters were ejected and their precise location at the time of detonation. Next, further

literature searches into the nature of charge stripping reactions as well as experimental

work on determining exact cross sections between the species involved in chemical

releases in space is necessary to understanding the relative importance of each ionization

process. Since instruments are generally not placed right at the detonation point and do

not travel outwards with the expanding neutrals, CIV can probably never be directly

detected. However, indirect determination of CIV occurrence in space can never be

accomplished either if reaction rates of all other processes producing identical ion

products are not known. Last, additional investigation into how QIMS sampled the

newly formed ions and how its sensitivity varies with angle of incidence would help to

model the experiment even closer and might possibly explain the double peak in the data

sets instead of a delayed process mechanism.

If further work with the model used in this study is conducted in the future, it is

strongly recommended that the unknown release configuration and exact location of the

cloud center of mass be determined. There exist three avenues which could possibly

provide this data. The first option would probably be the easiest but is also the least

reliable. The angles between QIMS and both the geomagnetic field and the velocity
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vector are known at the time of detonation. The angle between QIMS and the particular

ejection hole holding the G-1 and G-1 lb canisters should be available from the satellite

platform manufacturer. From a diagram of the spacecraft in Trzcinski et al. (1992) it

appears to be 45 degrees. Since the transit time from ejection to detonation as well as

rotation rate of the satellite are also known, the pointing direction of the ejection module

could be calculated 1498 seconds before detonation at the time of ejection. Then

assuming a straight line path, the location at the time of the thermite bum could be found.

The second option is an extension of the first. It could be taken if data is available

1498 seconds before detonation. Here the angle data could be acquired from archives and

the pointing direction at that particular point in time be used to locate the cloud center of

mass position.

The last option involves another feature measured by on board instrumentation. The

geomagnetic field at CRRES was continuously measured throughout the release.

Apparently there was a fluctuation in the field measurement when a signal was sent to the

module and the canister was ejected (Hunton, personal communication). Using the angle

data at this point in time, the cloud could then be placed in its proper location.

The exploration into these matters is not simply a foray into remote processes in the

earth's ionosphere that will only benefit theoretical science. On the contrary, if enhanced

ionization or any other processes that are not fully understood reside in the upper

atmosphere, it is important to know as much as possible about them. CIV may have

implications in the space shuttle environment, causing glow and possibly harming

instrumentation (Lai and Murad, 1989b). This danger exists similarly for all other
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spacecraft that are sensitive in any respect to higher than average levels of ionization in

the near vicinity. In addition, understanding the processes which create ions in the earth's

atmosphere has long been important to reentry vehicles, which lose communication for

varying amounts of time due to a high density plasma sheath that forms around the

spacecraft. The ability to negate or even counteract the ionization processes by chemical

injection or other means would eliminate another hazard in the arena of space travel. In

conclusion, this thesis has determined that well known ionization processes cannot

account for the ion fluxes measured in the CRRES experiments, directions for further

research have been isolated, and much has been learned by the student.
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Appendix A: Investigation into CIV

A.1 Critical Ionization Velocity

In the 1950's H. Alfven described a process that he postulated could be responsible for

the formation of solar systems from gas and dust orbiting a new star. He postulated that

if a neutral gas moves through a plasma with high enough velocity (the critical velocity),

rapid ionization rates will occur. (1954) This enhanced ionization phenomenon has come

to be known as critical ionization velocity, or simply CIV. At the present time it is not

firmly established in the realm of space physics. While it has been observed with a fairly

high degree of certainty in the laboratory, atmospheric experiments have produced at best

mixed results. Previous studies have not determined with complete confidence if

Alfven's hypothesis occurred in the CRRES experiments either.

The enhanced ionization of fast neutrals flowing through a plasma requires a very high

cloud density, for reasons that will be explained below. Since the G-1 and G-1 lb clouds

rapidly expanded and rarified, this process remained in a favorable environment for no

more than a second (before the cloud reached the spacecraft) and thus these ions were

never counted by QIMS. However, there are several "rulers" by which the amenity of the

CRRES circumstances to CIV occurrence can be measured. A highly exothermic

reaction occurring immediately after detonation and exciting a significant percentage of

the neutrals to higher energy states might have been effective in increasing ionization

rates later in the expansion. Thus it was essential to understand CIV and try to make a

rough appraisal of whether or not it occurred in the CRRES releases. This exploration

was conducted to ascertain if the CRRES planners goal of finding evidence for CIV had
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been met as well as whether or not CIV might have played a part at later times in the

experiment (> 2 sec). The following section presents a somewhat detailed explanation of

this process in order to be able to evaluate its importance to this research.

CIV is unique in that the neutral particles' own kinetic energy is used to provide

ionization energy. Direct translation of the energy into ionization via ion-neutral

collisions is not possible since the energy in the center of mass frame is not adequate (Lai

et al., 1989a). An indirect process is proposed as the means of effecting CIV. The

neutral particles transfer their kinetic energy to ambient electrons in the plasma, which

then in turn will ionize the neutrals. Only the fast electrons (those receiving enough

energy from the collisions) will ionize the released particles. The velocity at which the

gas must move is called the critical ionization velocity. The required velocity is:

Vc = r2e / m (A.1)

where e is the charge of an electron, is the ionization potential, and m is the neutral

mass. (Liou et al., 1995) The critical velocities for barium and strontium are respectively,

2.71 km/s and 3.55 km/s. It will be seen below that this is not the only requirement for

such rapid ionization to occur.

In taking a deeper, more complex look at CIV, the method by which the energy is

transferred from the neutral particles to electrons and back to ion production is revealed.

Initial conditions for the CRRES-type experiment involve an expanding neutral cloud

moving at the spacecraft orbital speed through the ambient plasma field. Typically there

is not enough energy for rapid ionization of the neutrals to occur due to direct collision

with the ambient ions, which are at rest. First, a seed ionization process must occur to
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produce a starter population of high energy ions. Any reaction, including

photoionization, charge transfer, etc., will suffice, but Person et al. (1990) report that

charge exchange with ambient ions (primarily oxygen) is the dominant process providing

these seed ions. Following this process, energy must be transferred from the ions to

electrons. Initially this exchange takes the form of classical (collisional) heating. When

the plasma increases to sufficient density to efficiently convey oscillations between

particles, the method of heating the electrons switches to a plasma (wave) interchange.

Specifically, the ions induce electrostatic waves which heat the electrons which

themselves excite electrostatic waves and so on. This energy transfer via electrostatic

means is usually explained and modeled in terms of a two stream instability in which

plasma waves develop and allow energy to flow between the ions and electrons. (Lai et

al., 1989a; Lai and Murad, 1989b; McNeil et al., 1990; Person et al., 1990) Using ion

spectra of a CIV experiment at different stages, Torbert and Newell (1986) have

demonstrated that this collective plasma process actually occurs.

There are a few different outcomes of the resulting hot electron population. As the

ions transfer energy, the electron energy distribution will extend to higher and higher

temperatures. While this is occurring, electrons will be colliding with other particles or

escaping the plasma cloud. If significant numbers of hot electrons are able to escape

without an ionizing collision, then of course ionization will stand no chance of being

enhanced. This condition will be further addressed below. Another undesired outcome

are collisions that do not ionize the fast neutral beam. Energy transferred by electron

collisions with ions will also be lost. Either of these non-ionizing interactions represents
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a sink to the CIV interaction. Those electrons that actually ionize neutrals will do so

through electron impact ionization. It is the electron impact ionization of fast neutrals (as

opposed to stationary ambient neutrals) which will be the reaction of primary interest. In

order for this mechanism to occur, electrons must have enough kinetic energy to

overcome the ionization potential of the neutral atoms. Electrons which do not meet this

requirement and collide will simply excite neutrals to a higher state. Collisions which

produce excitation to an allowed atomic state will most likely result in radiative de-

excitation. This process, referred to as line excitation, occurs because the lifetimes of

these states are so short (10-8 seconds). Further collisions that might take advantage of

the higher energy state and ionize the atom are not very probable before emission of a

photon. Such energy is lost and also represents a sink to CIV. (Biasca et al., 1993;

Newell and Torbert, 1985; Person et al., 1990) Newell and Torbert (1985) investigated

line excitation effects on barium and strontium injection experiments and found that

about 60 percent of the electron energy is usually lost therein.

Lai et al. (1989b) have discovered that some nonionizing collisions between electrons

and neutrals may aid CIV. They point out that only 10 percent of the electron population

in a typical injection experiment populate the hot tail of the electron distribution. These

are the only electrons which have adequate energy to ionize the neutrals, and yet CIV is

supposed to be very efficient. In an earlier paper, Lai et al. (1988) postulated the use of

metastable states to "pool" energy and allow for removal of electrons with energies below

the ionization potential. In this proposal, a significant percentage of the excitations that

result from nonionizing collisions with electrons will elevate the atom to a "forbidden,"
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or metastable state. Dipole transition into such a state from the ground level is not

"allowed". In other words the probability that a transition of this sort will occur is very

low compared to an allowed transition. Transfer directly down to the ground energy level

is also not electric dipole allowed and therefore the electron resides in this energy level

for a period of time called the lifetime, which is typically on the order of milliseconds or

longer. In this situation, there will be adequate time for a second or third collision with a

lower energy electron before emission of a photon occurs and the atom returns to the

ground state. Energy is stored in the metastable states until the atoms are ionized and

consequently, electrons other than those in the hot tail can contribute to CIV. There are 2

of these metastable states for barium, ID2 and 3D1,2,3, and 2 for strontium, 1D 2 and 3p0,12.

Does this pose a possible boost to the rate of ionization in the CRRES releases with

which were dealt in this investigation? According to Lai et al. (1989b), it was found that

for higher beam velocities, simulations with and without the consideration of this aid

show similar results. In other words, metastable states are very important when the

energy budget for CIV is very tight, but as the velocity and kinetic energy rise, they have

less and less effect. This is evident for velocities as low as two and a half times the

critical speed. For releases at a height near 500 kin, the neutral beam velocity is around

10 km/s, or 3.7 times the required value. This would seem to indicate that energy pooling

in the form of metastable states will have little if any effect on the occurrence or non-

occurrence of CIV in the CRRES experiments. Where it might have consequence is in

other ionization processes as a boost to the ground state cross section. This possibility

will be covered later.
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Now that ionization occurs, what characteristics are good indicators that efficient

critical velocity interaction will be present? There are several factors of importance.

First, it has already been mentioned that the relative velocity between the neutrals and

plasma in the center of mass frame must be at least 2.71 km/s for barium and 3.55 km/s

for strontium. However, this may not be exact for all species, particularly the ones

which are involved in the CRRES experiment. McNeil et al. (1990) has reported that,

when including the effects of line excitation, barium is very slowly ionized until the

velocity of the neutral gas moving through the plasma reaches twice Alfven's critical

value. This means that the barium atoms must be moving at 5.42 km/s through the

plasma instead of the normal expected 2.71 km/s. That requirement is more than met by

experimental conditions in CRRES.

There is also a maximum velocity above which electron heating becomes inefficient

and CIV shuts off. Brenning (1985) points out that in order for the plasma two stream

instability to propagate and efficiently transfer energy, the neutral beam velocity must be

below a value very close to the Alfven velocity, which is a characteristic speed of the

plasma medium (Parks, 1991). It is expressed by:

V < VA * Vi + Pe (A.2)

where VA is the Alfven speed

VA = B (A.3)

(B is the magnetic field strength, p is the mass density) and 3 e is the beta of the plasma:
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(Parks, 1991). Goertz et al. (1990) go into greater detail and provide numerical

simulations indicating that CIV falls off if the neutral flow is much above the Alfven

speed. Since this value is above 17 km/s for both releases, this velocity dependent fall-

off in CIV efficiency does not occur for the CRRES releases.

Earlier it was stated that electrons must not escape en masse before ionizing neutrals if

CIV is to occur. The next requirement ensures that this will not happen. It is referred to

as Townsend's criterion. Mathematically speaking, the neutral gas density integrated

along the path of an electron through the gas must be high enough that the electron will

impact and ionize a neutral before exiting the cloud. In other words, for every electron

escaping there must be at least one ionization producing another hot electron. Thus the

process will be self-sustaining. (Brenning, 1992a) Lai et al. (1992a) report that the

Townsend condition in a CRRES-like release is satisfied out to about 8 km in the

spherical expansion. However, in their calculations, the initial number of neutrals used is

an order of magnitude greater than barium (three orders of magnitude greater for

strontium) in G-1 and G-1 lb and the expansion velocity is slower. Thus Townsend's

condition is most likely met until the cloud radius is at most 1 ki, or less than a second

after detonation.

It also appears that the magnetic field strength, neutral particle density, and plasma

density all have an effect on CIV occurrence. The influence of each of these parameters

is measured in terms of one of 2 ratios investigated in Axnas and Brenning (1990). The
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magnetic field strength is gauged in terms of the ratio between the Alfven velocity and

the velocity of the neutrals through the plasma. This appears as:

Va _ B / (A.5)

VO VOv0 v0

where B is the magnetic field strength (in tesla), and p is the mass density. The

dependence upon the other two parameters is expressed in terms of the ratio between the

ionization frequency (which is a function of the neutral density and affects the plasma

frequency) and the ion gyroscopic frequency.

U i  _ V i  (A.6)
(0 ; (eB / m.)

where e is the Coulomb unit charge (using gyro frequency for singly ionized atoms) and

mi is the ion mass, which would be that for barium or strontium in this case. Axnas and

Brenning's two experiments (1990; 1991) and Brenning's summary of CIV

experimentation (1 992b) seem to agree that the lower limit for the Alfven velocity/plasma

stream velocity ratio is around unity. As this value approaches unity, the interaction

gradually shuts off, and for flow velocities above the Alfvenic speed of the plasma, there

is no CIV whatsoever no matter the value of the (C.6). With this number--the ionization

frequency/ion gyroscopic frequency ratio--there is debate to some extent. When the

magnetic field is strong and the velocity ratio is in the regime of 3-4, results have varied.

Some have indicated efficient heating for a frequency ratio as low as 0.10, while other

tests have required a value above unity for CIV to occur. Conditions for the CRRES G-l

and G-11b releases yield a velocity ratio around 1.7. It is then in the region of
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questionable efficiency. The ionization frequency is not known and so the analysis of

these requirements cannot be completed for the situation of interest here.

However, an earlier study made conclusions about the electron heating efficiency

using the electron gyroscopic frequency and the plasma frequency. If the magnetic field

is weak, the quantity:

COge _ eB/me (A.7)
0) pe 898 V--

is very small. Here me is the electron mass and ne is the electron (plasma) density. A

general value of (A.7) used to represent a weak field strength is around 0.05, which yields

very inefficient electron heating and no CIV. Apparently the two stream instability along

the field lines is not able to efficiently transfer energy between fast ions and electrons.

(Brenning, 1981) That is not to say that this is the inevitable conclusion to any CIV

experiment in a weak magnetic field. It is possible that there could be another

mechanism to act as the bridge under slightly different conditions. The releases of

concern in this thesis operate under a ratio of around 0.001. Thus the magnetic field is

very weak by these guidelines and the rules resultant from Brenning's study would

declare conditions unfavorable to CIV. Also remember that the study producing these

guidelines was conducted in a laboratory and not in space.

When testing CIV in the ionospheric experiments like Porcupine and CRIT I and II

(Lai et al., 1991), as well as CRRES, altitude will undoubtedly play a part as the plasma

properties change with height. Many different factors, which all depend on altitude, will

have varying effects on the interaction. Ingredients which favor lower altitudes (around
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the F-region maximum: 400-500 kin) are items like electron heating, plasma density, and

probability of charge exchange occurrence. Rising above this height means encountering

lower electron densities and lower numbers of ambient ions. Fewer electrons translates to

fewer particles to receive energy from the fast ions. Indeed, the apparent success of the

Porcupine and CRIT II experiments in terms of rapid ion production has been attributed

to the higher ambient electron densities, which were above 105 cm 3 , much higher than

any of the other atmospheric experiments conducted. These two experiments have also

been the only two in which CIV has been potentially identified. (Stenbaek-Nielsen et al.,

1990) CIV apparently seems to favor higher plasma densities. Also, charge exchange,

which provides the seed ions to initiate the process, will be more dominant at the F-

region maximum where the population of oxygen ions is the highest. (Lai et al., 1991)

Discovering components which favor higher altitudes stems partially from the initial

discussion of the critical velocity phenomenon above. Recall that excitation of ambient

neutrals results in loss of electron energy. Ionization of ambient neutrals will also

produce an energy loss as these ions are too slow and will not form a fast ion beam.

Newell and Torbert (1985) found that collisions between suprathermal electrons and

ambient neutrals such as atomic oxygen definitely drain energy away and thus apply a

minimum requirement on the neutral cloud density for which critical velocity effects can

be expected. As ambient neutrals drop off rapidly with altitude, it is obvious why such

factors would favor higher regions. Last, Lai et al. (1991) calculate a ratio indicative of

the competition between other ionization processes such as associative ionization and

stripping. It shows that such processes dominate CIV below about 600 kin, while the
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critical velocity interaction is dominant above this height. This implies that the reactions

responsible for the ion production in the CRRES releases could be those dominant at

around 500 km. It is undetermined which of these factors are more important and at what

altitudes Alfven's enhanced ionization would be most at home. Remember also that

altitude dependence is only a small part in understanding the complex nature of the

ionospheric environment and how CIV fits into it.

A.2 Summary of CIV Importance to CRRES Releases

Critical velocity ionization, if it occurred, most likely did so very early on in the

expansion (less than one second). Even so, this process with its efficient electron heating,

could have raised the kinetic temperature high enough to populated barium and strontium

metastable states and thus accelerate ionization rates later in the experiments. From the

above research, a somewhat educated guess can be made as to the probability of CIV

occurrence in G-1 and G-1 lb. A summary of all of the factors listed above and their

implication for Ba and Sr ("Yes" for CIV likely, "No" for CIV unlikely) is provided in

Table A-1. The conditions for the two releases are similar enough that the factors yield

the same conclusion for each. From all of these considerations, it seems that there is a

low probability that CIV actually occurred at any point during the CRRES experiments

studied here.
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Table A-1: Summary of CRRES CIV Determining Factors

Ba Sr

Neutral speed > critical velocity Yes Yes

Neutral speed < maximum velocity Yes Yes

Townsend condition met < 1 second < 1 second

Magnetic field strong enough No No

Altitude factors

Electron/plasma density Yes Yes

Collisional damping w/ambients No No

Competition w/other No No
collisional processes
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Appendix B: Mathcad Model and Output

This is the notepad from which all of the graphics displayed in the thesis were

obtained. It represents all of the modeling work which I accomplished throughout the

research period. This notepad is included here as a reference to demonstrate how all of

the modeling was accomplished using Mathcad 5.0 Plus. Remarks are also included to

explain what is being done at each point in the calculations. The first step is to import the

ASCII data from 4 files obtained from Hunton.
n!52-K =2.779.1017 .cm -3

Ingestion of CRRES Data

ORIGIN = 1 This determines that all matrices will start with row and column 1 instead
the default value 0.

BADARK -= READPRN(badrkdat) NOTE: The READPRN command is used here to rea

i = 1.. 1181 the CRRES data into 4 matrices that are 4 columns
wide and have as many rows as the index beneath ea

SRDARK 7 READPRN(srdrkdat) one. The columns are GMT, normalized counts, relat

j = 1.. 1155 time, and counts. The argument of each statement is
the filename holding the data in ASCII format and the

BASUN READPRNTbasunda) extension of each file is ".prn". Also, the command wi

SRSUN -READPRNTsrsundao read as many rows and columns as exist in the data fi

k 1.. 1563 Elements of the matrix can be retrieved by placing a
subscript (using the "[" (left bracket) key) of the row #
and the column #, separated by a comma. For
example, the value in the 27th row and 3rd column of
sunlit barium matrix is obtained with:

BASUN27,3

To obtain an entire column, replace the 3 with the
appropriate range variable (i, j, or k). Finally, BASUN
and SRSUN are from release G-1; BADARK and
SRDARK are from release G-1 1 b.
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Graphing the Neutral Number Density

Several constants must first be defined/calculated.

v 0 - 1330 v w = 300 peak gaussian expansion & distribution width velocities

tBa photo = 28 TSr photo = 1920 photoionization time constants (sec)

The #'s of Ba and Sr neutrals in gaseous form are found by dividing the mass of each by
the atomic mass (to get # moles), multiplying by Avagadro's constant, and finally
multiplying by the % vaporization.

1471 23 19 23
NBa 0 . 6.02 10 .0.40 NSr 0 - 6.02 10 .0.40

137.34 87.62

NBa 0 2.579123341024 NSr 0 =5.2216389 1022

All constants that are part of the density integral are pulled out and lumped into one consta
for each species. This saves time when Mathcad is calculating the integrals many times
over the width of the range variable.

CBa NBa 0  
NSr o

- 2 2 ' V2 V W 24.-w -- v w -vv VOVw 4-1tv w - -ov---v
W, 4 W2 W 42

Barium Neutral Density Plot

r = 100, 110.. 4600 For values of r much greater than 4600, density values within theMathcad zero tolerance result and cannot be plotted on a log sca

Neutral densities will be calculated at each of the following times (which are in seconds

t half.= 0-5  t I := 1 t 2 := 2 t 3 := 3 t 4 := 4 t 5 := 5 t 10
:= 10

The subscript on each density indicates the time (in seconds) at which it is computed.
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t half r -v Ot half
CBa- exp - - -expi

-cBa v
pBahaljr) 3 ht hl

t hl

CBa- exp - expi ____

pBa 1 (r) taht 0 13t

F 2

CBa1 exp - - expj - ____

pBa 2 (r) t~photo L3W~ 2

t 2
3

r2

t3 ~r - vOt 3
CBa1 exp - - exp- _ __

pBa 3 (r) pht 3__ L aWhQ 0 3

t 3

t 4 ~r -v Ot 4 2]

CBa- exp - -expK
-cBa~ht L wv

pBa 4 (r)pht3 
t4

t 4

t ' 2!

CBa- exp - exp

pBa 5 (r) I L -cBa photo 3 W~5

t 5

CBai exp - 10 L -v~ 1
STBa vt

pBa 1 0 (r) IL photo L wt 10

t10
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1-10 15

pBahall~r) 1410 1

2 pBa I(r) 1i10o13

12
~.pBa 2(r) 1-10

_ 1.1 1
1

pBa 3(r

L. 1.101
SPBa 4(r) /

CO pBa 5 (r) 1.108 -- -

pBa (fr) 1.10, -- -- -

-- ~1.106 -- ,'

100 1000
r

Radial Distance from Cloud Center (in)

As time increases, the maximum neutral density decreases and moves farther away from

the center of the cloud.

Strontium Neutral Density Plot

The same calculations are now completed for strontium

t thalf r r-v Oithalf
CSr- exp - - ,exp

pSr haljr) L 'rrphoto L w* t half

t half'

t i r - v t 12]

pSr I(r) Cre trht e13 -
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2

CSr- exp -exp,-____

pSr 2 (r) pht -'

Ft 2

CSr> exp - -exp - ___

rSr~ht vwt
pSr -(r) 

3 _ _ _ _ _ _ __ _ _ _ _ _ _ _ _

t r -v Ot 4 2
CSrd exp -exp! - _ __

pSr 4 (r) 3 ~~ht

CSr- exp - -expi - - i
pSr 5 (r) Lpht3 t5

t 5

t 10xp 1 r -v *t 1 0
C~r- ex r - - exp -

pSr 1 0 (r) c~ pht L t1
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11014 ___________________________________

1*10 1

PSrhalf r) 1-io10

PSr I(r) 1.101
-- 10

~.PSr 2 (r)

5 pSr 3(r) 1.10

Pr4r) 1* 10,

S PSr 5(r) 1.0

p- ((r 1.104

1100 1000

r
Radial Distance from Cloud Center (in)

Again, as time increases, the maximum neutral density decreases and moves farther away fr

the center of the cloud.

Barium Ions to Strontium Ionfatio

Sunlight (G-1) Release:

ri 1 .. 278 r2 =1 .. 322 indices for the G-1 and G-1 l b data sets, respective

BASUN r,
SunRatio1 - -- , ratio of Ba ions to Sr ions in sunlit release

rlSRSUJN2

Dar~aio BADARK 2,
Dkrato 2 ratio of Ba ions to Sr ions in darkness release

SRDARK
r2 , 2
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01

DarkRatio In

0.1 I
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Normalization of CRRES data
We'll use the barium sunlit release (G-1) and assume the major source of ions is photoionization.

Using the satellite velocity at the G-1 1b release: v s = 9.98.103

The photoionization rate constant is the inverse of the photoionization time constant:
1

kBa photo = tBa photo

t = 1.. 100 t ranges from I out to 100 seconds and R is the
R 4200 distance between CRRES and canister detonation.

The constant defined above is modified to include the factor which makes the integral give
units of ion density.

kBa photo
CBa photo V h CBa

C h-Z -- v O- t-lt z F -s

V SBaphoto vs J
e .e

pBa photo(t) CBa photo 3 d
Z

t- -

vS
J0

Now we'll graph the photoionization model and the G-1 data next to each other. The

multiplication factor that allows the model to peak at the same value as the data will be the

normalization constant.
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pBa photo(t)-2 .5 1100

10 7 100-

10

0.1 I
0 20 40 60 80 100

t

1.105I

114

100

10 1) i I

1 I 11 I ~
0 10 20 30 40 50

BASUNkJ

Using the Crosshair on Mathcad to match the first peaks, it was found that multiplying th

model by 2.5/107 results in the model being normalized to the data. Now previous

calculation of the constants will be redone.

C~ = C a 2.5 CSr: C 2.5

Search for Time Constants

For each set of data, the time constant required to match the QIMS counts to the normal

model will be found. This will be done by simply matching the height of the first peaks.

Barium Dark (G-1 1b)

1 kBa testnite
-fla testnte= 260 kBa testnite CBa testnite atsme VS C
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1.5-v -t

"2 z

z z

vv

pBa testnitSt) 2CBa testnite d
z

.0

:z atestnite t) 100

SBADARK.

0.1 L
0 20 40 60 80 100

t, BADARK.
j , 3

Relative Time (sec from detonation)

Here, it is a time constant of 260 seconds which makes the barium model fit the dark dat
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Search for Time Constants (continued)

Strontium Light (G-1)
1rrk~ ~ kSr testday

testa 26 tetay - tSrteta testday - S CSr

1.5v o.
22 2

z v v

tcSr Wi testday JV s

pSr testday~t) CSr tetye~ d
z

t-Vs

.10

1000

10
~SRSU 2

0.11 1 1

0 20 40 60 80 100

t, SRSUN, 
3

Relative Time (sec from detonation)

Here the time constant has been changed until the strontium model matches the G-1 da

The result is a constant of 26 seconds.
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Search for Time Constants (continued)

Strontium Dark (G-1 1 b)
1 kSr testnite

tSr testnite z 90 kSr testnite CSr testnite -*CSr-cSr testnite v s

1.5-v 0 t -2-

22 zZ, Vz - 0 . t - -
z v

t - S
v

S Z
Vw. t- -

tSrtestnite v

pSr testnit~t) CSr testnit6 d
z

vS

-0

1000

100-

pSr testnite )

0 10 ,
. SRDARK

I -I Jtlu] { r 7 .?

0.1,
0 20 40 60 80 100

t, SRDARK

Relative Time (sec from detonation)

The strontium model requires a time constant of around 90 sec to match the G-1 lb data.
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Barium Photoionization
kBa photo

CBa photo - CBa
vS

U ___-2

s 2z

z

,R~t-- -v - t-V S V

SBaphoto
pBa photo(t) - CBa poo

z

jo vs

~BSUNk, 2

100

0.1 I

0 10 20 30 40 50

t,BASUNk, 3

Relative Time (sec from detonation)
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Rotation of Spacecraft
CRRES spun at a rate of 2.02 rpm during the experiment. Thus QIMS will count throug
ion field in the form of a sine function.

2.02
co *2iTc

60
pBaroph(t) z pBaht() sir(&at)

1.10

XpBa pho~t) 1000-

SpBaroh. ) oo

BASUI', 10 - 4 e i I

0.1
0 20 40 60 80 100

t, t,BASUNk,
3

Relative Time (sec from detonation)

Strontium Photoionization
From Wescott et al. (1990), the Sr photoionization time constant is 1920 sec.

tcSr photo 1920 kSr photo 1 ~ ht kSr photo ,CSr
TSr photo CV Pht

f*1.5v t 
1

z V 0. tI JRS

Vs z

-Srh V

pSr photo(t) CZSr photo'e pht L I d
z3

.0
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1000

100-

SSRSUN' 
2

10-

0.1 I

0 20 40 60 80 100

SRSUIN '3 ,t

Relative Time (sec from detonation)

As can be seen, photolonization does not nearly account for the data taken by QIM~here

must be another process.
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Barium Chargie Exchange

Let's now account for the production of ions due to charge exchange reactions. The average

velocity of particles in the cloud will first be defined. Using the velocity we can obtain a cross

section from a graph in Wolf (1 995a). Densities for both night and day will be defined and then

constants for both can be calculated.

v = 1.13310~ 4==> oBa ce z . 10-20 cross section for charge exchange between ground
states of 0+ and Ba

Nighttime ionosphere values:

n'niteopius 5-101

kBa'nite ce oBa ce v*n'nite oplus TBAnite ce CBa'nite ce *~~it eCBa
ekBa'nite ce S

First look at charge exchange in the nighttime ionosphere and compare it with G-1 1 b:

1. -v2-
I1 2 2

z I z
w *t--

tBa'nite v

pBa'nitece(t) CBa'nitece e 3 dz
z

VS

1000-

000

"BADARK

0.1

0 10 20 30 40 50 60 70 80 90 100

t,BADARKj

Relative Time (sec from detonation)
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Barium Charge Exchange (continued)

Now the higher daytime ionosphere plasma density will be considered to compare charge exchange
with the G-1 release.

Daytime ionosphere values:

n'day Oplus 10 1

kBa'day ce oBa ce v-nday Oplus T~adyBa' da y a'a e-kBa'day ceCa

kBa'day ce V s

S1.5 -v t

2 2 z
-.-z -v 0 * t--

z vs

I rBa'day ce vs

pBa'day ce (t) =CBa'day ce-e &e3d

V s
JO

I.10

1000-

SpBa'day ce(t)

SBASUNk,
2  10

0.1 I

0 10 20 30 40 50 60 70 80 90 100
t, BASU'N,

3
Relative Time (sec from detonation)
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Strontium Charge Exchange
Using the particle velocity and the graph from Wolf (1995a), the charge exchange constant
for interaction between the ground states of 0+ and Sr is found.

v =l. 13'* ) O4-> oSr ce 10 -21 cross section for charge exchange between ground
ce states of 0+ and Sr

Nighttime:
1 kSr'nite ce

kSr'nite ce 2 ~ cevn'niteopius trSr'nite ce kz 'itc CSr'nite ce vS CSr

1.5-v t
2 2

R -z-v 0 . t -
z v St __

rSr'nite v 
prntce(t) CSr'nite c

z

.0

1000 I

100

A~ pSr'nite ce(t)
0 10

SSRDARK

0.1 I

0 20 40 60 80 100

t, SRDARK,,

Relative Time (sec from detonation)
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Strontium Chargie Exchange (continued)
Daytime:

k~r'dayce V5

~1.5v ot _ _-

2 2-2

p~r'dayce~t R2~dyc 2_R - VO. t- -

vv
v t

pSr'day ce(t) Crdye ,e3d

0~ 10
~~~ SRU~

10~

0.1 ~
0 20 40 60 80 100

t, SRSUNK 3
Relative Time (sec from detonation)

Barium Electron Impact (El)
Now, using Vainshtein et al.'s (1972) and McFarland's (1967) cross section results, we can

come up with model output for El results. This would be used in the case of CIV, where

high energy electrons (energized by fast neutrals) ionize neutrals. Assuming an electron

energy of 10 eV, an average between the two papers results in a cross section for Ba El of:
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cya .1-10-19 Note: Totai e densities are set equai to the daytime an igtiaaei 0+ densities. However, an energy source is required toelvt

n'nite e n'niteopiu5  even close to this many into the "hot" tail. This is probably an
unrealistic estimate, since in typical CIV experiments, only 10% o

n'daye . ndayopIus the electron population is "hot".

1 kBa'niteei
kBa'niteei cTBa ei-vn'nitee tffa'niteei -CBAniteei 2 v *CB

21 .5vot ___-

R2 2 z
z

TBa'nite w V~

pantei(t) 2C13a'flite el -

3
z

1.10 I

1000-

0~'iee~)lo

BADARK.

0.1 I

0 20 40 60 80 100

t, BADARK. 3

Relative Time (sec from detonation)
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Barium Electron Impact (continued)

Now the higher daytime ionosphere plasma density will be considered to compare El w
the G-1 release.

kBa'day ei
kBa'dayei cYBaefv-n'daYe 'rBa'dayei -CBa'dayei = - CBa

kBa'dayei V5S

'1.5-v t
______-2

22J z 0 -Z

z V
S

V S. z

p~'dye~t =C~~dy f LTBa'daye e d
zd

pBaday ei(t) ad ve3

IV S

0 0 20 3 4 0 0 70809 0

t, BASUN2

Relative Time (sec from detonation)
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Strontium Electron Impact (El)
Using Vainshtein et al.'s (1972) and McFarland's (1967) cross section results, we can al
come up with model output for Sr El. Again assuming an electron energy of 10 eV, an
average between the two papers results in a cross section for Sr El of:

caSr ei 10 8420

1 kSr'nitee
kSr'nite ei cY~ fivnnitee tSr'nite e ~n~ i CSr'niteei - CSr

~1.5-v t

/R2_2 z
-~ ~~~ -, ixzVo.t-

* z IV

TSr'nite e I I vs

pSr'nite eiat) Ce,'nitJ

0~ 
V S

100

100-

_R pSr'nite P

0 10-
:SRDARK

0.1,
0 20 40 60 80 100

t, SRDARK 3

Relative Time (see from detonation)
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Strontium Electron Impact (continued)

Now the higher daytime ionosphere plasma density will be considered to compare El w
the G-1 data.

1 kSr'day ei
kSr'day ei = rei n'daye t6r'day ei -CSr'day ei CSr

kSr'day eiS

1.5-v --
2

22

z
v t

T~'a per'da
10-

1 -~ - - _

0.1

00 2 0608 0

IT: ,SRSUN'2

Relative Time (sec from detonation)

Now, given that electron impact does not match the data using the above numbers, what
kind of electron densities are required to do so?

tBa testnite= 2.6.102 nBa'nitetestle taetitaa na'nitetest~e =3.08605781.-10 12

T~artestit~ca ef v

1 13

trSr testday = 26 nSr'day test'e TSr Ieta Sr eiV nSr'day test'e =4.24332949 -10 1
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Barium Charge Stripping

Not much is known about stripping reactions. However the two extreme guesses from t

literature will be used to see how the resultant ion production compares to the experime

data.

Here the low estimate for barium charge stripping cross section (Wescott et al., 1994) is:

aBa St =3.5. 10O2 and the Oxygen density is: no =5104

kBa5 St=cBa sfv~n 0  uBat - CBa 5  C~a S
kBa St S

1 .5v ot

F __ 4 2
1 -z 2 - 0  Z21

jy5  2 v v z

Io s

1*1 I S

pBa t(t) CaS'd

o I100

~BASUNk'
10 - ;w'

0.1 I

0 20 40 60 80 100

t, BASUN k
Relative Time (sec from detonation)
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1000-

SpBa st(t) 100

~BADARK.
-- i2 10

0.1 I
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t, BADARK. 3

Relative Time (see from detonation)

Barium Charge Stripping (continued)

Now using a high estimate for the stripping cross section (Lai and Murad, 1989

yBa St 1= 0 2

1 kiBa St
kBa St =ca St.v. no cBa St - CBa St CBa

kBa St S

~1.5v ot

- z_ _ v .* t- z

F z z
t vs

-o v
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1.104II

1000-
s2pat(t)

o 100
BASUNk
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0.1 I
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1000
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Barium Charge Stripping (continued)

Using the time constants required to match the data calculated above, a stripping cross

section can be found which would match the data.

Barium Dark (G-1 1b):

tBa testnite= 2 .6 l 102 oBa stripnite t oBa stripnite 6. 789 32 7 18- 10 -22

Batestnite~

Strontium Light(G-1):

TSr =26 oSr oSr 1=6.78932718-102
testday stripday TSr testda Vfn stripday

Strontium Dark (G-1 1 b):
1 -21

TSr testnite= 9 0  oSr stripnite -- oSr stripnite= 1.96136118-10-2
Srtestnit6v-no0

Thus the cross sections calculated here easily fall within the bounds of the charge stripping

cross section range above. This does not prove stripping to have occurred. It simply states

that given the current knowledge of these reactions, stripping is a hypothesized solution to

the problem of reproducing the CRRES ion flux data.

Total Data Fit for Barium Dark (G-1 lb)

Now the model will be adapted to fit the whole data set for the barium dark release, in which

photoionization does not start until the cloud crosses the UV terminator. This is not required for the

other data sets, since for strontium photoionization is not a factor and in the G-1 release, solar

radiation dominates all other ionization processes for barium. In order to simulate the ionizing UV

radiation steadily growing as the satellite moves from dark to light and not abruptly "turning on," the

photoionization rate constant is linearly stepped from 0 to its maximum value.

1I sets the value of the photoionization rate at all times beforekBa' photot TBa photo the rates at early times are changed in the next line

tl = 1.. 17 kBa' photot = 0 sets the rate constant equal to 0 for the first 17 seconds
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The following statements step the rate constant linearly up to its maximum value:

kBa'pht 18 .08. ~ kBa'pht 19O.16- 1~ kBa'pht =O.24- *
pht1  ~ hto poo 9  taphoto photo 2 ta phot

kBa'pht 0.32.-aI kBa'pht2 0.40. ~ kBa'ph 2 0.48- ~
pht,1  taphoto 2 raphoto r hoa

photo photo2  phot

kBa' photo2 0.80. 1ua kBa photo2 0. 88- * kBa' photo., = 0.96- ~
taphoto 28 taphoto 29 taphot

kBa' photo

CBa' photot - S tCBa

The next task is to calculate ion densities produced in the dark. The time and rate consta

required to match the dark data are used.

zt-VOst

S J

t-. -

~Nt, the phtioniatio potono tetode is cacltd Dudohwteraecntn

z

C~a' H~tO - j
p~aday photo

vs

.11



Total Data Fit for Barium Dark (continue

The total ion count is that for the nighttime processes, which continue into the sunlight, plus

photoionization, starting once the cloud receives sunlight. The oxygen ion density is also

changed after crossing the UV terminator, representing the increase in plasma density on

the daytime side of the ionosphere.

pBaT t = pBanitet - pBaday t

1"10
4

I I

1000 i

pBaTt 100
0

BADARK i,2 10 - ,

0.1 -I I I I I I
-5 5.5 16 26.5 37 47.5 58 68.5 79 89.5 100

t, BADARKi, 3

Relative Time (sec from detonation)
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Two Processes Producing Double Peak--Barium Dark

All of the data sets demonstrate two miniature peaks within the first maximum. The

following work represents the effort to model the double peak with two processes, one

being delayed by some characteristic of the releases.

First the initial minor peak will be reproduced using charge exchange:

n'dy oius 10 12 niteopius 10 11 v = 1.133-10 4= => oBa ce =7-10 -)

1~'a k~ IIBa'dayc
kaayce a ca cv vn'day Oplus rt'a Ba'day ce CBa'day ce -*vCBa

I kBa nite ce
kBa'nite ce oBa ce'vn'nite oplus trBa'nite ce Ba'it ce CBa'nite ce * S CBa

1.5 v 0  ____-,2

Z R2 2 Z

S S
exp -exp - _________

trBa'nite z
L ce

V
SpBa ce M) CBa'nite ce -- - 3 d

z

V s
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Next the 2nd minor peak is reproduced using a changing neutral atomic oxygen population.

Some mechanism would be required to evacuate the cloud region of ambient particles for

the first few seconds, which is probably not very realistic.

aBa st 9- 10-22 charge stripping cross section

no (t) -if t<5, 101, 10 0 density is lower for first 4 seconds, then increases

1 kBa st(t)
kBa t(t) acBa Stvn 0 (t) tBa st(t) CBa st(t) *-CBakBa st(t) v s

1.5.v 0.t _2

Z ; '.2 R 2 Z
S - i R-z -v 0 t-

S V
exp-- •expi -

tBast(t)j z
V w t-

pBa st(t) CBa st(t). L - S dz

zt - -
V S

pBa tot(t) := pBa ce(t) - pBa st(t)
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Now the result from assuming a charge exchange process plus a stripping process delayed

by a temporary decrease in the neutral atomic oxygen density is compared to the QIMS

counts.

1000--

100-

SBAIiA1.( 2 1I-

0.1

0.01

0.001 I
0 10 20 30 40 50

t,BADARK i,3
Relative Time (sec from detonation)
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Barium Dark--2 Processes Producing Double Peak (continue

Now an attempt is made to model the double peak using the concept that the stripping

cross section at the satellite might increase drastically as the as QIMS encounters particles

of decreasing velocity:

1.5 .v o t -2
r 2

Z 2 2 z
t R -z v 0. t-

Vs Vs
exp- s "exps

IBa'day ce zL Vw t- -
v
V

pBa ce(t) = CBa'day ce" 3 sdz

z
t - -

V s

-0

YBa tt 3.10-20
_- -22 =1 -22 --1 -22 := -22

aBa St 10 2Ba st2 =10 
2 Ba St3  2aBa st4  10

vt  = 1. 133.104 v2 =  1.2 104 v3 := 1.17 104 v4 := 1.12 104 v5  = 1.08-104

no 1013 Oxygen density
1 kBa st(t)

kBa st(t) =aBa st .vt-n O rBa st(t) a CBa t(t) CBa
t kBa St(t) V S

1.5-v 0 .t 2]

t-- R2 -z -v 0 . t--

S  V Sexpi --
ex 'rBa st(t)j zVW. t--

pBa st(t) = CBa t(t). 3 S Ct)

Z
t- -

-0

pBa tot(t) := pBa ce(t) - pBa st(t)
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Barium Sun--2 Processes Producing Double Peak

First photoionization is defined, assuming it starts from the time of detonation.

°1.5.v 0.t -2

22 z

R Vt -
V S  S

exp- e
-"tBa photo d

pBa photo(t) s CBa photo' 3 dz
z

t- -

VS

.0

Then the delay in charge stripping is again attributed to a rapidly increasing cross section as slow
particles are encountered.

aBa St - 3.10- 20

-22 -22 -22 -2
oBa s 1 =1- oBa =10 -2Bas =10 Bat 10

vt  = 1.133 104vl I= 1.2.104 v2 := 1.2 104v3 1.17 104v = 1.12-10 4v5 = 1.08-104

no = 1014 Oxygen density
1 kBa st(t)

kBa St(t) oBa Stt vt-tn 0 Bast(t) = CBa st(t) := - .CBa
kBa st(t) v s

1.5-v 0 t 121
Z 2 2 Z
t -- R -z Vot

exp - exp-
xL tBa st(t) z

vS
pBa st(t) CBa st(t). dz

z

v 
S

.0

pBa tot(t) = pBa photo(t) - pBa st(t)
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Appendix C: Calculation of Basic Parameters

In this section, all basic parameters of the CRRES experiments are calculated.

Definition of Constants, Environmental Values and Equations:

- 19 -5 In
e = 1.602-10 .coul B 23.15-10 .tesla V perp 2 000

sec

Cyclotron Radius Cyclotron Frequency Cyclotron Perio
1v perp eB1 2-71r c

rc= 0c c
eB1 In V per

Parameters for Barium:

m Ba = 2.28.10 *5.kg

Cyclotron Radius Cyclotron Frequency Cyclotron Period

rBa c e-13 e(oBa c :7B PBa c V rra
eBmBa Vperp

rBa c =4.52-10~ 2m . .oBa c= 22.1 l3 sec- PBa c =0.28 -sec

Parameters for Strontium:
25

mSr = 1.45-10- kg

Cyclotron Radius Cyclotron Frequency Cyclotron Period

mnSrvper wp eB Pr3 2-7crSr c
r~r C eB coc mSr P" c perp

rSr c =2.87-10 2*m. oSr c =34.8 -sec-1  PSr c 0. 1 8sec

Parameters for Atomic Oxygen Ions:

m oplus 2.66- 0 -2.kg

Cyclotron Radius Cyclotron Frequency Cyclotron Period
m puvper e-B 27r-rOplusc

rOplusc - BOOpIUS c2 POplUS c V____
M OplV perp

rOplus c 52.71 -m Oplus c 1.9-10 2*.sec- POplus = 0.03 -sec
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Calculation of Mean Free Path for Charge Exchange between CRRES Particles and 0 .

From Kittel (1969), the definition of the mean free path is:
I

1= 
-1

2
~Tc-d . n

where n is the number density of the target species and nr-d-is the cross sectional area.

For barium or strontium interacting with ambient oxygen ions, n is the number density of a
and the area is the charge exchange cross section.

Barium:

-20 2 12 -3
11Ba 7-1020 Opmus:- 10 m-

17
1Ba 1 Ba=1. 4 3 .10 m

"Ban Oplus

Strontium

-21 2 12 -3
aSr = 8.10-. nOpus 10 M

1 81Sr  I 1 Sr = 1.25.108 -m
S Sr nSrnOplus

These are both very large distances and are bigger than the cloud diame
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