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Particle-in-Cell Code Analysis of Charging Hazards

and Wake Studies Experiment
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and
David L. Cooke®
U.S. Air Force Phillips Laboratory, Hanscom Air Force Base, Massachusetts 01731

The Charging Hazards and Wake Studies (CHAWS) experiment characterized the ion current collection to a
negatively biased Langmuir probe mounted in the wake of the Wake Shield Facility (WSF) during the STS-60 and
STS-69 (CHAWS I and II) missions. A three-dimensional particle-in-cell code is applied in analysis of the three
data categories: high-voltage wake (>|~ 100 V|), low-voltage wake (<|~ 100 V|), and data obtained when the shield
was inverted and the probe pointing into the plasma flow (ram-oriented data). The high-voltage analysis finds that
the code underpredicts the data by about a factor of two when the code inputs are the detector measurement of
plasma density and ion temperature, assuming that all of the plasma ions were O* and assuming that the electron
temperature was 1.5 times the ion temperature. Analysis in the other two categories allowed identification of the
input error. The low-voltage analysis rules out low Mach number flow, which contributes disproportionately to the
current, demonstrating that it was composed of H* (rather than ionized contamination from the Shuttle/WSF or
turbulent O*) and not present in quantities significant enough to invalidate the all O assumption of the code. The
ram-oriented data analysis, in conjunction with space charge limited collection theory and International Reference
on the Ionosphere, 1990 version (IRI-90), prediction, suggests that the CHAWS detectors underestimated the
ambient plasma density and thereby reconciles the high-voltage code—data comparison. Other significant findings
of this work include location of O* collection turn-on voltages, the possibility that electron heating (T, ~ 5T;)
occurred in the ram direction, and the code demonstration of wake-side collection insensitivity to 7., confirming

its orbit motion limited nature.

Nomenclature
e = electron charge
1 = current
Ji = ion current density
Jo = ram current density
k = Boltzmann’s constant
l, v, = probedimensions
M, = normal Mach number
Moo = plasma density
T = electron temperature
Vo = orbital velocity
£ = ion—electron temperature ratio
£ = permittivity of free space
2 = angle of attack
Ap = ambient debye length
& = debye ratio
o = charge density
o, = probe potential
¢ = electric potential
Introduction

HE need to design for the interaction between spacecraft op-
erating in low Earth orbit (LEO) and the plasma environment
has been recognized since the advent of space flight. The issue has
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received additional attention in recent years inasmuch as charging
phenomena may be enhanced by increases in spacecraft size and
power.! In mild cases, isolated surfaces can attain significant poten-
tials relative to the plasma, altering the response characteristics of
detectors and complicating scientific investigation. In more severe
cases, there may be electrical discharge between isolated surfaces
or nearby objects. This arcing may have a wide variety of detrimen-
tal effects including damage of critical electronics, electromagnetic
noise, surface erosion, and structural damage. Spacecraft surface
charging has been linked directly to anomalous behavior of some
satellites? and implicated in the total loss of others.?

One of the least understood and difficult aspects of spacecraft
charging has been interactions occurring on the wake side of ve-
hicles. In LEO the flow around an orbiting object is mesothermal.
That is, the electron thermal velocity is much greater than that of the
spacecraftwhile the ion thermal velocityis muchless. The mesother-
mal flow causes formation of the wake, a region behind the space-
craft that is essentially devoid of ions but populated by electrons
with a reduced density in equilibrium with their own space charge
(Fig. 1, from Ref. 4).

Electrically isolated surfaces or objects within a wake become
negatively charged with respect to other spacecraftcomponents due
to the lack of ions. Under nonauroral electron conditions, the charg-
ing is typically a few electron volts, whereas in the polar auroral
electronenvironment, this charging can be much greater and, there-
fore, more threatening. Wake charging can also be more pronounced
and, correspondingly, more dangerous when objects operating at
significant voltage levels, such as power supplies or transmission
wires, are present. In addition, ion current collection by negatively
biased power supplies or uninsulated wires would act as a parasitic
currentand would reduce the overall efficiency of the power system.

Previous work on LEO spacecraft wake charging interaction has
consisted of numerical simulation®’ and laboratory work*® but
prior to the Charging Hazards and Wake Studies (CHAWS) there
had been insufficient in situ data'®!! available to verify the validity
of those investigations. The CHAWS experiment was designed to
achieve the following objectives.
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Table1 Summary CHAWSI and II data

CHAWS I CHAWS 11
Grappled WSEF free flight WSF grappled
Parameter High V Low V High V Low V High V Ram
I-V sweeps 8 4 12 27 4
Ngo, 1010 m™3 1.7-61 7.3-29 5.3-7.8 2.3-41 2.3-32 ~6 to ~20°
kT;, eV 0.08-0.14 0.05-0.08 0.06-0.13 0.03-0.13 0.04-0.14 ~0.1%
0, deg —28to —2.0 —4.5-3.8 —4.6-2.6 —40.4-2.4 —41.1-39.4 Ram oriented
*Values were not measured but determined indirectly from analysis.
EXTENT OF WAKE DISTURBANGE Ram Side
CONVERGING ION TRAJECTORIES RAREFACTION Sen
TRAJIECTORY BUNCHING WAvE sor Langmuir
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Fig. 1 Basic wake characteristics.?

1) Flight test a new generation of miniaturized particle detectors
by using them to measure the ambient low-energy ion population
on the ram and wake side of the Wake Shield Facility (WSF).

2) Determine and understand the current-voltage characteristic
of a negatively biased object in a plasma wake under a variety of
environmental conditions.

3) Compare the results to preflight and postflight numerical sim-
ulation.

4) Derive a general, i.e., applicable to geometries other than
CHAWS, analytical model consistent with both the data and the
simulation from which future spacecraft may be designed to avoid
hazards posed by wake charging.

This paper presents results that contribute to the second objective
and satisfy the third. It compares the particle-in-cell(PIC) code sim-
ulation results to the observed probe I-V (current-voltage) charac-
teristic datain three distinction collection regimes: the low-voltage
(H™") ion collection, the high-voltage frontal stream (O™ ) ion collec-
tion, and the ram-oriented ion collection. These comparisons allow
a greater understanding of the CHAWS current-voltage character-
istic and form the foundation for a later work,'? which addresses the
fourth objective.

CHAWS Experiment

The CHAWS experiment’ was designed by the U.S. Air Force
Phillips Laboratory at Hanscom Air Force Base, Massachusetts,and
was flown to study the interaction between the WSF and its wake
environment. The position of various CHAWS components on the
WSF is shown in Fig. 2. The WSF is a self-contained spacecraft,
with limited cold gas propulsionfor separationfrom the Shuttle after
release from the robotic arm. Separation from the Shuttle of 70 miles
was desirable to avoid contaminationfrom the Shuttle environment.
During STS-60 CHAWS data were obtained with the WSF mounted
on the Shuttle arm whereas on STS-69 data were obtained for both
the mounted and the free flying modes.

CHAWS studied the wake environmentby recording the positive
ion collectionto a highly biased negative probe mounted on the back
of the shield while simultaneouslyobservingthe ion temperatureand
density with retarding potential analyzer (RPA) sensors mounted on
the ram side. The RPAs also measured the WSF floating potential
and found it to be only a few volts. The angle that the shield made
with the plasma flow was recorded by the Orbiter when attached
to the arm and by the WSF attitude control system when in free
flight. The angle of attack is considered negative if the probe is
tilted toward the plasma flow.

The probeconsistedof a grounded central structure and a stainless
steel outer shell. It had a length of 0.45 m and a radius of 0.05 m. The

Fig. 2 CHAWS components mounted on the WSF.

bias application was broken down into eight predefined sweeps of
voltage ranges from 0 to —31, —62, —325, =775, —1550, —2325,
—3100, or —4825 V. Each sweep had 32 points. A full voltage sweep
took 1 min, during which each of the ram-side sensors made eight
measurements of the plasma ion density and temperature.

CHAWS Results

The separation voltage between the high- and the low-voltage
wake ion collection regimes is referred to as the turn-on voltage.
At voltages below turn-on, the collection is limited to ions that can
enter the wake unassisted by the attractive potential, which does not
significantly extend beyond the edge of the WSF. Above the turn-on
voltage, however, the potential begins to draw in ions directly from
the stream and should quickly overwhelmthe currentdue toions that
enter the wake unassisted. A brief overview of each CHAWS flight
has been presented'® and a summary of the observations obtained
is included as Table 1. Another reference'* presents the complete
set of sweeps and the measured ambient plasma parameters from
STS-69. The ion density and temperature could not be measured
by the ram-side sensor when the shield was inverted because the
sensor was no longer exposed to the plasma flow. Actual I-V mea-
surements are presented along with PIC comparison and analysisin
the following sections.

PIC Code

The essential problem addressed by the PIC code'® was the com-
putation of the electric potential from the charge density via the
Poisson equation

(1/e)V¢p = o )]

The density was weighted onto the grid node points using a linear
interpolation method. The solution to the potential distribution was
found with a three-dimensionalalternating direction implicit (ADI)
explicit scheme. The field was then found by differentiatingthe po-
tential and back interpolatingthe result to the particles. The particle
velocities and positions were then updated through a time-centered
leap-frog scheme, which maintained second-order accuracy.

The computational geometry of the WSF is provided in Fig. 3
(one of the results). Much of the apparatus seen in Fig. 2 has been
removed as it is mostly conducting and grounded to the WSF. The
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1x10~11 m*-3
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negligible

Fig. 3 Centerline potential contour cross section for ¢, = —1500 V
(left) and O* centerline density cross section for ®, = —1500V (right).
The potential extending into the frontal stream is in tens of volts.

computational grid was Cartesian, and the node points were equally
spacedin all directions. Cell spacingwas L - A, where L is less than
10 and X, is the ram-side ambient debye length. The electrons were
treated as a Boltzmann fluid and were assumed to be in equilibrium
with the potential. The simulationwas 50 cells in size along the WSF
normal and 75 cells in the other dimensions. The flow entrance was
located one-third of a body radius in front of the WSF, whereas
the side boundary near the probe was one body radius above the
top edge of the shield. The exit plane was one body radius behind
the shield, whereas the other side boundaries were each one-third
of a body radius from the edge of the WSF. These and the other
boundaries were chosen through trial and error until alteration did
not affect the simulation results. All boundaries and surfaces were
assumed to be fully absorbent.

The particles were loaded randomly in space with a Maxwellian
distribution of velocities. The orbital velocity of the WSF was then
superimposed onto the distribution. The simulation was run for one
convectivetime period to allow the flowfield to become established.
Another time period was then allowed to run, and the ion current
was taken as the average of each timestep result. Trial runs deter-
mined that a minimum of 5 superparticles per ram-side cell and
a maximum timestep of 0.1 times the ion plasma frequency were
required to avoid altering simulation results. The probe potential
was held fixed for a given simulation and measured with respect to
the plasma. The shield potential, typically a few volts negative with
no observed artificial fluctuations, was adjusted at each timestep by
observing the flux to its surface and enforcing the zero net current.
A total of 1.5 x 10° superparticleswas used, and the simulation took
approximately 2 days on an SGI Workstation with 256 Mbytes of
availableRAM to obtain one datapoint. The code foundno evidence
of temporal instability for the ions.

High-Voltage Ion Wake-Side Collection
Simulation and Analysis

For the high-voltage PIC simulation it was assumed that the
plasma flow was composed solely of O" ions. One sweep from
each of CHAWS I and II was chosen for simulation. The simulation
parameters and those of the actual data are provided in Table 2.

The expansionof the electric potential contoursis shown in Fig. 3
fora ®p of —1500 V under the sweep 10 simulation parameters. The
contours spread out behind the shield and below the probe. Above
the probe, the contours are more confined and spread out less as the
space charge of the frontal stream is contacted. Nevertheless, the
contours expanding into the stream are in the negative tens of volts.
The central plane cross section of the ion density, also included in
Fig. 3, demonstrates that at the lower edge of the shield there is the
expected Mach expansion of ions. However, the upper edge has a
crescent-shaped area that is cleared of ions. The ions that enter the
crescentarea are diverted from the frontal stream into the wake and
impact the WSF, as shown in Fig. 4. The lighter gray area below the
probe on the rear of the wake shield is an area where the incident
ion flux is about half that of the ram-side ion flux. The white areas
on the probe correspond to an incident flux of about five times the
ion flux. The sample trajectories, which all begin in the plane of the
shield in different locations, all converge at nearly the same point.

Table 2 Simulation and actual sweep parameters

Parameter neo, m—>  Tj,eV 0,deg T,,eV vy, m/s

Code 1.0 x 10'"  0.10 0 1.5T;, 7600
Sweep 10 1.0 x 10" 0.10 =10 7600
Code 1.5 x 101" 0.09 0 1.5T; 7600
Sweep 68 1.5 x 101" 0.09 1.7 7600

Fig. 4 Sample O" ion collection trajectories for a ®p of —1500 V.
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Fig. 5 Comparison of PIC predicted current to CHAWS data.

A comparison of the total simulated probe current to both
CHAWS I and II data is provided in Fig. 5. The data have been
corrected for the estimated amount of secondary electron emission
current.'” Both the simulation and the flight results are linear, but
the simulation underestimates the data by about a factor of two.

The factor of roughly two difference between the code and the
data is surprising. Possibilities for this discrepancy include 1) sys-
tematic code error, 2) incorrect or inaccurate inputs to the code, 3)
an additional source of current that is present in the data but is not
accounted for in the code, or 4) error in the data. The WSF floating
potential was generally only a few volts relative to the plasma and
is, hence, not considered a plausible explanation.

A systematic error in the code is unlikely. Another simulation
code, POLAR,'¢ developed by the U.S. Air Force Phillips Labo-
ratory, was designed to model the interaction of spacecraft with
LEO plasma. POLAR is a three-dimensionalsteady-state Poisson—
Vlasov solver and is, therefore, different from codes based on PIC
methodology. POLAR was used to both to design the CHAWS ex-
perimentand to perform preflight predictions. Comparison between
POLAR and the PIC code used has demonstrated that the two codes
yielded identical current-voltage prediction for the same set of in-
putparameters.!” Thateach code would possess the same systematic
error is improbable.

The other possible sources of error are uncertainty in the data
or uncertainty in the assumptions. These error possibilities include
electron temperature, ion density, and low Mach number plasma
components. The ion temperature has an estimated error of about
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+30%, and the maximum impact this should have on the collected
currentis about =15% (Ref. 12).

The electron temperature was not measured in the experiment.
Space charge limited current collection can, in general, be quite
sensitive to the electron-ion temperature ratio.'® In addition, other
investigations'®? have noted an increase in the electron tempera-
ture within the wake of a spacecraft and place this ratio as high as
three times the 1.5 ratio used in the simulation results of Fig. 5.
Code runs for higher ratios, however, found that even at 7, = 57;
the collected current only increased by ~10%. Hence, an error in
our electron temperature assumption is not sufficient to explain the
code—data difference. The insensitivity of the current collection to
the electron temperatureis also confirmation of the finding'? that the
high-voltage wake-side collectionis orbit motion limited in nature.
The next section examines the possible contribution by low Mach
number flow components, and the section following that examines
possible error in the ion density measurement.

Low Voltage (Preturn-On) Wake-Side Ion Collection

Determination of the ion flux to wake-side surfaces is a difficult
problem. For the purpose of this discussion, it is sufficient to employ
the assumption that the ions are neutral. The flux to a wake-side
surface is then given by

Ji = o[+ My/m(U Herf (M )] ~ joe™ ()

The approximation is good for wake-side surfaces when M, > 5
or so. The Mach number is defined here as the spacecraft orbital
velocity normalized by the ion thermal velocity. Although the elec-
tron space charge will draw ions into the wake, Katz and Parks!
have shown that the neutral approximationis quite good. Therefore,
Eq. (2) demonstrates that in the low-voltage ion collection regime
any measurable collection to the probe should consist almost ex-
clusively of low Mach number flow ions. One possibility for the
code—data discrepancy in the high-voltageanalysis of the preceding
section is the significant contribution to the current by low Mach
number flow that more readily enters the wake environment. Simu-
lation of the low-voltage ion collection should provide insight into
whether low Mach number flow is a significant component of the
observed high-voltage current collection.

H™ is the most promising possibility for the low Mach number
flow composition. Ionized Shuttle contamination is ruled out be-
cause the low-voltage I-V and ram-side sensor measurements did
not vary with whether the WSF was attached to the remote manip-
ulator system (RMS) or free flying several miles from the orbiter.
Turbulent O™, although it may be responsiblefor the noiselike fluc-
tuations in the ram-side sensor readings,’ is also ruled out because
it should not be sufficiently slowed to pass the restriction set by
Eq. (2). H', by virtue of its lower mass, possesses a Mach number
one-quarter that of the dominant O" species. For typical LEO ion
temperatures, Eq. (2) predicts that about one-fifth of the ram flux of
H* (M ~ 1.25) may impact the rear of the WSF whereas practically
none of the O (M ~ 5) atoms would be able to do the same. The
amount of LEO H* at ~300 km as a percentage of the total ambient

[]sx1009 mr3

ion density at typical Shuttle altitudes has been quoted as anything
from 0.1% (Ref. 21) to 30% [International Reference on the Iono-
sphere, 1990 version (IRI-90)]. An H signal was not observed in
the ram-side sensor readings'® and indicatesthat the H™ density was
below about 10%.

Previous work using Dynapac,”? a convertible three-dimensional
electrostatic code, simulated CHAWS collection with Ht and O*
combined for a limited number of trials. The results are included
in Table 3 and demonstrate that H" may be a significant source of
high-voltage current if present in sufficient quantities.

PIC Simulation

Based on the low end of the IRI-90 prediction and the ~10%
ceiling suggested by the ram-side sensor, it was decided to estimate
the H" density as 5% of the total ambient density for the initial
simulations. The ambient density and temperature used were those
of sweep 10 (Table 2).

The assumption?’ that ion species independently expand into the
wake made unnecessary modification of the code to contain both
H' and O™. The modification to the PIC code consisted simply of
changing the particle mass to that of H* from O*' and ensuring
that both the cell size and timestep remain constant. The results
become meaningless once the potential expands into the frontal
stream because the composition and density there are not physically
representative. However, for the purpose of low-voltage simulation
these modifications retained the accuracy and characteristics of the
original code.

The simulation was run at potentialsof 0, —10, —20, and =50 V.
Figure 6 shows the H" density and potential structure of the probe
for the —50-V trial. The probe collected H from many different
directions. The isopotential contours demonstrate that at =50 V the
collection sheath was near, but did not enter, the frontal stream.
Figure 7 shows a quantitative comparison of the code results to the
free flight CHAWS data. Both are linear, and the 5% H* estimate
places the code results within the range covered by the flight data.

Turn-On Voltage Location

The PIC code predicts linear I-V behavior in both the low- and
high-voltage ranges. This is in agreement with both the free flight
and grappled low-voltage data and, once secondary electron effects
were removed, with the behavior of the high-voltage data. It is,
therefore,anticipatedthatat the onsetof frontal streamion collection
there will be a discontinuity in the slope of the I-V characteristic.

A turn-on of —84 V is predicted from the sweep 10 PIC run.
The —325-V data curves are of sufficient range and have enough

Table 3 Dynapac H* results??

I, pA I, pA

®p,V  ne,m > noHT 10% H™
-20 1 x 10! 0 1.7
—100 1 x 10! 0.8 12.1
—2000 1 x 10! 115 144

Plasma Potential

S0V Eoov

Fig. 6 Centerline cross section of the H" ion density (left) and the probe isopotential contours (right).
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Fig. 7 Comparison of PIC results to free flight data.
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Fig. 8 Example of turn-on voltage location.

low-voltage points that if the turn-on is sharp enough then it should
be observable. Examination of these curvesin the —50to —100V re-
gion demonstrates that such a kink exists, as shown in Fig. 8 (sweep
69). The actual turn-on value was determined from the intersec-
tion of linear fits to the pre- and postturn-on linear curve segments
whereas the error in the value was estimated from the slope vs volt-
age plot. The values obtained ranged from about —70 to —90 V,
increasing slightly with increasing ambient density, and agree with
preflight modeling® The error in each value was 10 V. Preflight
CHAWS modeling also predicted that angle of attack would also
have a significant effect on the turn-on voltage. Unfortunately, this
could not be confirmed because all of the 325-V I-V sweeps were
taken at a near zero angle of attack. Turn-on location confirms the
code and ourunderstandingthat the low- and high-voltagecollection
regimes differ fundamentally.

Determination of H* Density

H™ was notobservedin ram-side sensormeasurements.” Because
an undetected fraction of H' can still contribute disproportionately
to the currentcollected, i.e.,if H™ composed 5% of the total ambient
densityit would be responsiblefor more than 5% of the probe current
(see Table 3), it may be a significant source of error if omitted from
the high-voltage simulation, which employed only O™.

Figure 9 is a plot of probe current vs the measured ambient den-
sity at a probe bias of —30 V. The photoemission points are about
0.8 (£0.2) pA above the trend of the sun-shielded points. Each of
these points was obtained when the probe was exposing its max-
imum cross-sectional area to the sun, ~0.046 m?. The amount of
photoemitted current from a stainless-steel surface at 1 AU should
be about 20 uA/m? (Ref. 24), and multiplying this by the cross-
sectional area predicts that the photocurrent from the probe should
be about 0.9 (£0.1) wA. This agreement provides some additional
confidence in the described trend, whose slope value is 3.0 x 107'8
A+m?, good to within a factor of about 1.5.

Because Fig. 9 has shown that the low-voltage current scalesin a
manner proportional to the ambient density the current should also
scale proportionately with the ambient H" density. An estimate of
the current vs H" density trend was obtained using the PIC code,
and this is also included in Fig. 9. This slope value was 2.3 x 107'8
A-m?® and was given an assumed factor of two error. Dividing the
slope values of Fig. 9 shows that the H" density was 1.3 (£0.8)%

H+ Density (m™3)
0.0E+00 3.0E+08 6.0E+08 9.0E+09 1.2E+10 1.5E+10
3.0

X MEASURED (30 V)
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2.5 ——1{30 V) TREND

5 F

—aA—PIC I(30 V) vs. H+
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Fig. 9 Measured current vs measured ambient density (x) and PIC
H* current vs PIC H* density (A) at —30-V probe potential. Points with
the S annotation were taken with sunlight directly incident on the probe.

of ambient. As shown by Table 3, if 10% of the frontal stream were
HT, then current would increase by ~25% at —2000 V. Hence, even
the maximum allowable value of the derived H' density, 2.5%,
relegates H to a less than 10% effect at high end voltages. Thus,
low Mach number flow cannot be responsible for the high-voltage
code-data discrepancy (Fig. 5), and there is no need to include it in
the high-voltage simulation.

Ram-Oriented Ion Collection Simulation and Analysis

The CHAWS II flight performed four voltage sweeps with the
probe aligneddirectlyinto the plasma stream. Three of these sweeps
were 300 V in magnitude whereas the fourth was of only 32 V. The
ion collectionto the probe in this orientation,with Ap ~ 0.05 m and
e|(Dp|/kT > 1, was clearly space charged limited. Because the
understanding of this collection regime is reasonably comprehen-
sive, this analysis offered the opportunity to employ relevant bodies
of work to independently assess the ion density measurements of
the ram-side sensors.

Space Charge Collection

Typically the ratio of the electron to ion temperature in an undis-
turbed LEO plasma is about two. This precludes the work by
Bernstein and Rabinowitz*> and also by Allen et al.?® because they
assumed thatelectrontemperatureis much greaterthan the ion temp-
erature. The more sophisticated work undertakenby Laframboise >’
which allows for lower electron—ion temperature ratios, is the most
applicable to the CHAWS ram-oriented data.

Laframboise?*’ extended the Bernstein and Rabinowitz*> formu-
lation to the physically more reasonable case of a ion Maxwellian
distribution.He performedextensivenumericalcomputationsfor the
ion current collectionto both spherical and cylindrical probes over a
wide range of debye ratio §p = R/Xp, temperatureratioe = T;/T,,
and probe potential. These calculations are sufficient for determin-
ing the current—voltage characteristics of spherical and cylindrical
probes over essentially the entire range of practical operation con-
ditions in the collisionless limit. This work employed the Peterson
and Talbo®® fit (good to within 3%) to the numerical results of
Laframboise.

Laframboise used a probe that had infinite length. A finite length
probe I-V characteristicis affected by the end. This end effect can,
as shown by Lederman et al.,”” increase the observed current several
times above that found for probes of effectively infinite length. The
proportion of the total current found due to the end effectincreases
with the (I,/r,)”" and the sheath size. Probes with {,/r, ratios
below about 100-300 may be susceptible depending on the plasma
parameters and the @ » employed. The CHAWS probe hasan/,/r,
ofonly 9 andis, therefore,alikely candidatefor end effectcollection.

Ambient Parameter Estimation
Because the ram-side sensor was oriented into the wake when
the shield was inverted there were no direct ambient parameter
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measurements available for the ram sweeps. Hence, to allow at least
a qualitative comparison of the simulation and the data, estimation
of these parameters was necessary.

Figure 10 shows the predicted IRI-90 ion densities compared
to the last ion densities measured before the WSF was inverted.
Because the terminator advances across the Earth by one orbital
period, for each Shuttle orbit the plasma density period is the sum
of an orbital period plus the time it takes the Shuttle to travel the
distancethat the terminator moved (about 10 min). The period of the
plasma density is indicated by the two vertical lines in Fig. 10. The
IRI-90 predictionand the detector data are in qualitative agreement:
each has the largest peak at local midday and subpeaks at local
midnight. However, the detector data are consistently below that of
the IRI-90 model. The periodicity of the CHAWS density data is the
key to estimating the ambient plasma density for sweeps 113-116.

The ram-oriented I-V sweeps were taken almost one orbit fol-
lowing the last ion density measurements. Hence a simple linear
extrapolation of the last density measurements is not sufficient to
render a density estimate. Rather, it would be more prudent to use
density values located one density period prior to the time of the
ram sweeps. Becasue the density measurements were continuous
for more than one orbit it was possible to leap frog back another
density period and obtain an even earlier value for the density. The
density value one period prior to the ram sweeps was taken as the
actual density estimate whereas the even earlier density value was
used to estimate the uncertainty of this method, which was about
+50%. The ion temperature, althoughnot as periodic as the density,
was estimated through the same technique. Table 4 displays the esti-
mated values. An estimate of the true electron—ion temperatureratio
could not be obtained using the CHAWS ram-side sensor. This was
not significant to the wake-side collection but should be important
to the space charge limited ram-oriented collection.

Ram-Oriented Simulation
The modifications made to the original high-voltage wake-

oriented ion collection code were relatively simple. The flow di-

1E+12

—IRI-90

1E+12 1

2E+11
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Fig. 10 Comparison of IRI-90 prediction to CHAWS ion density mea-
surements.

rection was reversed, all surfaces and boundaries were kept fully
accommodating, and the particles were loaded at the opposite side
of the simulation. The presenceof the shield behind the plate should
have only a small effect for WSF potential below a few volts posi-
tive. Figure 11 presents the probe ion density profile for —20, —100,
and —300V, as found for sweep 115 density and temperature values
under an assumed £ ! of 1.5.

In the —20-V case, the collection sheath was cylindrical around
the half of the probe closest to the shield and tapered off toward the
tip. In both the —100- and —300-V cases, the sheath was clearly not
cylindrical but rather hemispherical.

These findings are consistent with a probe that is suffering from
significant end effect. The CHAWS probe, with its low [, /7, ratio,
was acting almostexclusivelyas an end at the higher voltages. In the
—20-V simulation, the sheath appearedto be at least partially cylin-
dricalindicatingthat the end effectmay nothave beenas severeat the
lower voltages, and this is consistent with the findings of Lederman
etal.? Figure 12 compares the current found by the experiment, the
PIC predicted current, and the Laframboise predicted current. Also
included is the current found by a simulation run at —300 V for an
ion temperature of 0.14 eV, resulting in slightly decreased current
from that found for 7; = 0.09 eV.

Because the probe biases were too low for significant emission
of negative charge from the probe'? the difference between the data
and the code must be due to error in the ambient parameter code
inputs. The uncertainty in the ion density estimation in Table 4 was
+50% but this uncertainty is itself quite uncertain. To determine
whether density alone may provide a reasonable explanation for the
difference, the code was run at —300 V for a density twice that
initially employed. The resulting currentis also displayedin Fig. 12
and shows that, although much of the gap was closed, the code and
data are still not in good agreement.

A combination of increased density and the electron temperature,
however, may be sufficient to match the code and the data. Unfortu-
nately, performing a two-parameterfit between the PIC code and the
data would require an inordinate amount of time and computational
resource. An alternate method is offered through consideration of
the Laframboise?’ results.

The difference between the PIC code prediction and Lafram-
boise’s work for the same input parameters should be solely the end
effect current. The dominant parameters determining the amount of
the end effectare lp/rp and @ ». Hence, to a first approximation, the
factor by which the code is greater than Laframboise prediction at
a given voltage, feq(P),), are the same for situations of similar ion
density and electron temperature. Hence, it should be possible to
correct the data for end effect by reducingit by fe,a(®),), assuming

Table4 Estimated ambient parameters
for the ram-oriented sweeps

Time (universal Est. neo, Est. T;,
Sweep time), s 1010 m=3 eV
113 40,230 6.5 0.11
114 40,334 8.0 0.11
115 40,482 10 0.09
116 40,616 12 0.09

x10711 mA-3

x10A10 mA-3

Fig. 11 Ram-oriented PIC ion density profiles for a ®p of —20V (left), —100 V (center), and —300 V (right).
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Table 5 Summary of high-voltage ion collection
simulation uncertainties

Parameter Error Impact on Ipic

Noo Possibly —33% to —300% 15-170% increase
T; +30% +~15%

T, ~1.5-5T; 0-10% increase
H* — 5-10% increase

0.25

—+—PIC, n=1e11, kTi=0.09
—A—LaFramboise, n=1e11, kTi=0.09

O PIC, n=1e11, kTi=0.14

® PIC, n=2e11, kTi=0.09
—O—SWEEP 115

X PIC, n=1.4e11, Te/Ti=4

X PIC, n=1.8e11, Te/Ti=5.1

o
n
=1

(gA)
=

Current
o4
s

0.05

0 50 100 150 200 250 300 350
Voltage (V)
Fig. 12 Comparison of the current-voltage characteristics of the
CHAWS ram-oriented sweeps, the PIC simulation, and Laframboise
theory.

the density and ion temperature values used to derive fe,q(®,)
are not significantly different from those of the plasma when the
sweep was taken. Once the data were corrected for end effect cur-
rent, the next iteration ion density and electron-ion temperature
ratio could be found by fitting the Laframboise results to it. The
new parameters would differ somewhat from those used to generate
Jena(® ). Hence, it was necessary to redetermine fo,q(®),) for the
new ambient parameters by running the code at the new density
and temperature values. Therefore, the process for determining the
electron-ion temperature ratio and the ion density was iterative but
convergent.

The convergence of the PIC code current prediction and sweep
115 is also shown in Fig. 12 by the arrow for —100 V. Similar
results were found for sweeps 113 and 116, and they are sufficient
to provide two key observations. First, the n values estimated
from the CHAWS detector measurements differ from the obtained
fit results by almost a factor of two, more than the £50% error
of the estimate in Table 4. This indicates that the detectors were
underestimating the true amount of ion density present by at least
one-third or by as much as a factor of 3. This is consistent with the
IRI comparisonmade in Fig. 10 where the CHAWS measured n is
below the IRI-90 predictionby a factorofabout1.5-2.5. Anincrease
in the ion density input to the code by a factor of 2-3 in the high-
voltage analysisalong with the other smaller errors (refer to Table 5)
is sufficient to explain the high-voltage code—data difference.

The second observation provided by the convergenceof the ram-
oriented simulation and experimental data is that the electron—ion
temperature ratio in the disturbed plasma was about two or three
times greater than thatestimated for an undisturbedplasma. Samir,*
in his review of plasma disturbances caused by the Space Shuttle
and small satellites, states that it is quite clear that the electron
temperature behavior in the wake- and ram-side of satellites is a
controversial subject. He believes that it is not clear under which
plasma and body conditions the temperature enhancementmay oc-
cur and thatitis not obvious whetheritis a universal phenomenonor
one which is limited to certain types of spacecraft. He suggests that
a series of laboratory and in situ experiments be performed to better
understandthe phenomenonand saysthatidealin situ candidatesare
free fliers and tethered satellites. The results of this analysis suggest
that a ram-oriented stainless steel Langmuir probe mounted onto
a flat stainless steel disk operating in LEO on the Shuttle robotic
arm may observe electron heating. It could not be determined that
this heating also occurred in the wake because electron temperature
was not measured, and both modeling and analysis'?> show that the

wake-oriented ion collection to the probe is insensitive to electron
temperature.

Conclusions

The PIC code successfully modeled the main aspects of the
CHAWS data and was also able to provide insight that would not
have been possible to obtain with the experiment alone. The most
notable of the PIC contributions was its ability to be combined
with other data analysis (low voltage and ram oriented) to inves-
tigate possible reasons for the high-voltage wake-side code—data
disagreement. These uncertainties and their estimated impact on
the computed current are summarized in Table 5. The reconciliation
of the PIC code and the high-voltageion collection has allowed ad-
ditional work'? to develop a general model that allows spacecraftto
be designed to better avoid hazardous high-voltage wake charging
interactions.
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