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Spacelab 1 Experiments on Interactions of an Energetic
Electron Beam with Neutral Gas
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An unusual signature of return current and spacecraft charging potential was observed during the Spacelab
1 mission launched on November 28, 1983. The phenomenon occurred during neutral gas releases from the
SEP AC (Space Experiments with Particle Accelerators) magnetoplasma-dynamic arcjet (MPD) concurrent with
firings of the PICPAB (Phenomena Induced by Charged Particle Beams) electron gun and was recorded by the
instruments of the SEP AC diagnostic package (DGP). Data from the langmuir probe, floating probes, neutral
gas pressure gauge, and the plasma wave probes are reported. As the dense neutral gas was released, the return
current measured by the langmuir probe changed from positive to negative and a positive potential relative to
the spacecraft was measured by the floating probe. The anomalous return current is believed to be attributable
to secondary electron fluxes escaping from the spacecraft, and the unusual charging situation is attributed to the
formation of a double-layer structure between a hot plasma cloud localized to the MPD and the spacecraft. The
charging scenario is supported by a computer simulation.

Introduction

SPACELAB 1, which was flown for 10 days beginning on
November 2£, 1983, contained two active particle beam

experiments: Space Experiments with Particle Accelerators
(SEPAC)1 and Phenomena Induced by Charged Particle beams
(PICPAB).2 The SEP AC experiment included an electron
accelerator (the EBA), a plasma injector (a magnetoplasma-
dynamic arcjet known as the MPD), and a neutral gas injector
(a neutral gas plume known as the NGP), whereas the PICPAB
experiment included an array of ion and electron accelerators.
Both experiments were equipped with plasma diagnostic instru-
ments. Detailed descriptions of SEP AC and PICPAB experi-
ments can be found in Refs. 1 and 2. These two experiments
were intended, in part, to study the interaction of beams with
plasmas and neutral gas in space and the effects of beam
emission on spacecraft charging. Some results from both
experiments have been reported in the literature on plasma
energization,3 energy broadening due to space charge oscilla-
tions,4 VLF and ELF wave phenomena,5'6 and spacecraft
charging.7'8

Experimental results from the interaction of a neutral
nitrogen gas plume (from the SEP AC NGP) and one of the
PICPAB electron beams indicate an occurrence of beam
plasma discharge, or BPD9. During the observed BPD, a return
current was measured by the langmuir probe as a sharp positive
pulse, and intense optical emissions were simultaneously regis-
tered by the photometer. The experimental sequences under
consideration here also involve the interaction of the PICPAB
beam with a neutral gas. In this case, however, the gas is neutral
Argon from the MPD. The data gathered by the SEP AC
diagnostic package are quite different from those reported in
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Ref. 9, as the return current measured by the langmuir probe
becomes negative in some cases, even though a positive voltage
was applied to the probe. These data indicate an unusual space-
craft charging phenomenon that has not been reported before.

This report presents the results of a comprehensive analysis
of all data available during releases of neutral gas from the
MPD. Various causes of the negative current seen by the
langmuir probe were evaluated. A plausible scenario was
suggested to describe the behavior of the beam interacting with
the neutral gas, and a computer simulation was then conducted
to examine the scenario.

Description of the Experiment
The configuration of Spacelab 1 on the Shuttle pallet is

shown in Fig. 1. The SEP AC diagnostic package (DGP) is
located approximately 1 m from the PICPAB accelerators. The
PICPAB electron beam, which was actually one of several
charged particle beams associated with that experiment, was
injected at a beam energy of 8 keV and a current of either 10 or
100 mA. All injections under consideration here were at 100
mA.

During standard operation, the SEP AC MPD releases 1 ms
pulses of 1019 Argon ion-electron pairs (A+/e~). Neutral
Argon gas is released from a chamber by a fast-acting valve so
that it reaches a discharge electrode precisely at the moment of
discharge. At the beginning of each experiment sequence
(known as a functional objective or FO) involving the MPD,
the chamber is filled to 2 atm, and then halfway through the
FO, the pressure is increased to 3 atm. Before each pressuriza-
tion, any gas remaining in the chamber must be released to
ensure an accurate pressure. The amount of gas released in this
manner is variable, depending on the amount of time elapsed
since the chamber was last filled, because gas is constantly lost
to leakage. In general, a much greater amount of gas remains to
be released at the midpoint of the FO (only 2.5 min after the
chamber was filled at the start) then at the beginning of an FO,
which may be hours after the last pressurization.

The SEP AC DGP consisted of a langmuir probe, three float-
ing probes, high- and low-frequency wave receivers, a vacuum
gage, an energetic particle analyzer, and a photometer. A brief
description of these diagnostic instruments follows.
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The langmuir probe is designed to operate from — 9V to
+ 9V in either a swept or a fixed voltage mode. The langmuir
probe samples current at 1 kHz and voltage at 250 Hz. In the
fixed mode, used in conjunction with the accelerator firings
discussed here, the probe measures electron densities from 104

to 108 cm~3, but no temperature measurement is possible. The
probe sensor is a gold-plated stainless steel cylinder 4 mm in
diameter and 20 cm in length.

The three floating probe sensors are gold-plated cylinders
40 mm in diameter and 40 mm in length. They are separated
vertically by a distance of 25 cm, with the lowest sensor 29 cm
above the DGP mounting structure. These probes are capable
of measuring potential differences between the ambient plasma
and spacecraft ground from — 8 kV to + 8 kV. The top floating
probe samples at 1 kHz, whereas the middle and bottom float-
ing probes sample at 500 Hz.

The high-frequency wave sensor is a monopole antenna
30 mm in diameter and 435 mm in length. Mounted on top of
the monopole antenna is a Faraday cup sensor monitoring
low-frequency wave activity. The current to the Faraday cup
and the potential induced on its outer shell are monitored. The
frequency range is 100 kHz to 10 MHz for the high-frequency
receiver and 750 Hz to 10 kHz for the low-frequency receiver.

The vacuum gage is capable of measuring neutral gas pres-
sure from 5 x 10~4to5 x 10~8 Torr and was located at the base
of the langmuir probe .

The energetic particle analyzer (EPA) consists of four pairs
of deflection plates: three with channeltron detectors and one
with a Faraday cup. The energy selected by the EPA was gener-
ally swept between 100 eV and 15 keV in FO's involving the
SEP AC electron accelerator; but during the FO's under consid-
eration here, the analyzer voltage was fixed at the 100 eV set-
ting, making a measurement of the electron energy spectrum
impossible.

The SEP AC photometer is mounted on a gimbal system
capable of rotating ± 60 deg in one plane. It has a variable iris
(9 deg to dark) and three filter settings: 3914,5577, and 6300 A.
However, the usefulness of the photometer data was limited by
the fact that all the experimental sequences discussed here
occurred in sunlight, making it necessary to close the iris to its
smallest diameter. Optical emissions like those discussed in
Ref. 9 would have been difficult to register.

There was joint operation of the PICPAB electron beam with
the SEP AC MPD during two functional objectives (FO8A and
FO9B) and with the SEP AC NGP in two others (FO9A and
FO6). Data from the NGP and PICPAB have been analyzed in
Ref. 9, as mentioned in the introduction. The present article is
mainly concerned with the data from FO8A and FO9B.

In FO8A, the Or biter is oriented so as to make the velocity
vector of the ions released by the MPD arcjet parallel to the
magnetic field, minimizing deflection of the plasma jet. The
arcjet is fired straight up from the payload bay. During the
three performances of FO8A discussed here, the elevation
component of the magnetic field varied from 90 to 135 deg in
the or biter coordinate system. During an FO9B sequence, the
Orbiter is placed in an attitude so that the EBA will fire in the
direction of local magnetic field lines, in the hope of maximiz-
ing beam propagation.

Results
Six times during the Spacelab 1 mission, neutral gas was

released from the MPD (prior to a repressurization) while the
PICPAB electron accelerator was firing. These six events divide
themselves naturally into two classes according to the behavior
of the langmuir probe during the release. The first class is
characterized by a change in the way the langmuir probe
registers the firing of the PICPAB beam: before the gas is
released, the probe current shows a sharp positive peak with
each beam pulse; during the release, on the other hand, the
peaks become sharply negative. This class has four events
occurring only in FO8A. In the second class of events, the
langmuir probe current signature remains unchanged by the gas
release, continuing to show a positive peak each time the beam

is fired. This class has two events occurring in FO8A and FO9B.
We first present data for the negative peak events.
Class 1: Negative Langmuir Probe Current

Figure 2 shows sample data starting from 03:37:0.5 Universal
Time (UT) on December 7, 1983, for a 3 s interval. The FO8A
sequence started 0.5 s before the start time of Fig. 2 and neutral
Argon gas was released from the MPD at 03:37:0.9 UT. Signals
from various diagnostic instruments are plotted as functions of
time. This case is typical of the four events in that the behavior
of the probes changes during the gas release. The occurrence of
the gas release can clearly be seen on the top plot, which shows
background neutral pressure as measured by the ionization
gauge. Before the gas is released, the ambient neutral pressure
is 3 x 10~6 Torr. After the release, the pressure increases by a
factor of 23 (to 7 x 10~6 Torr) and then decreases steadily for
about 2 s until it returns to the background level.

The current and voltage readings as a function of time for the
langmuir probe are shown in the second and third panels (from
the top) of the figure. In this case, as in all five events during
FO8A, a constant + 6V is applied to the langmuir probe (third
panel). Prior to the neutral gas release, the PICPAB beam
registers on the langmuir probe current trace as a 2 to 3 /*A
positive pulse once every 266 ms, corresponding to the fre-
quency of accelerator firings. At 03:37:0.95 UT, the probe
current pulses suddenly become negative, with an amplitude of
— 5 to —7 jLtA and the same frequency, corresponding to the
first beam firing after the gas is released (second panel). After
03:37:2.0 UT, the neutral pressure falls below 10~5 Torr and the
peaks become positive again.

The bottom two panels of Fig. 2 show the automatic gain
control (AGC) readings for the low- (above) and high- (below)
frequency wave probes. The firing of the PICPAB beam is seen
on the low-frequency receiver as a decrease in gain (negative
peak); the peak increases sharply in amplitude during the
neutral Argon release, indicating an increase in wave activity
(third panel). In this time interval, the effects of the electron
beam on the high-frequency AGC can only be seen as a small
negative peak during the first firing after the gas release
(03:37:1.22 UT) and at 03:37:2.0 UT.

Figure 3 presents wave data from the low-frequency wave
sensor for the same time interval as Fig. 2. The neutral pressure
is shown again in the top panel for reference. The middle panel
shows the scanning frequency, which varies during this time
from 300 Hz to 8 kHz. The potential difference induced on the
probe (in mV), which is proportional to the intensity of wave
activity at the scanning frequency, is plotted in the bottom
panel; the PICPAB beam firings can clearly be seen as peaks
approximately four times a second. Before the increase in

SEPAC EBA

SEPAC MPD

SEPAC DGP

PICPAB ELECTRON BEAM

Fig. 1 Layout of the Spacelab 1 pallet. The PICPAB accelerator is
approximately 1 m from the SEPAC gas injector module (containing
the MPD) and 1 m from the SEPAC DGP.
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neutral pressure, the peaks are 10-20 mV in height; while the
neutral pressure is greater than 10~5 Torr (from 3:37:0.9 UT to
3:37:1.9 UT), the amplitude increases to 150 to 800 mV. The
large amplitudes are detected when the scanning frequency
varies from 1 to 6 kHz.

Recall that the complete range of the low-frequency probe is
100 Hz to 10 kHz. The high-frequency wave data from 100 kHz
to 10 MHz do not show a clear pattern of wave activity corre-
sponding to beam firings during the neutral Argon releases. In
particular, there are no clear indications of the beam firings or
possible wave emissions in the region of the electron plasma
frequency (near 4 to 5 MHz). The apparent absence of electron
plasma waves in the data could have been caused by the gain for
the high-frequency receiver being set too low at this time.

In Fig. 3, the frequency is scanned from 1 to 6 kHz when the
neutral pressure exceeds 10~5 Torr. In Fig. 4, we present a data
set covering the remaining portions of the frequency range for
an interval of elevated pressure level in the same format. The
time interval of Fig. 4 is about 2 min later than that of Fig. 3. The
induced potential once more shows peaks about four times a
second corresponding to the PICPAB beam firings (bottom
panel). Before the neutral gas release (and afterward), the
induced voltage at each PICPAB firing is on the order of 30 to
50 mV. In this case, however, the amplitude of the peaks
remains in the range of 40 to 100 mV while the probe scans
frequency from 8 to 10 kHz (from 3:39:30.9 to 3:39:31.6 UT),
even though the neutral pressure has increased above 10~5 Torr.
From 3:39:31.7 to 3:39:32.3 UT, while the neutral pressure is
still above 10~5 Torr and the scanning frequency varies from
500 Hz to 2 kHz, the peak height rises above the previous level,
reaching 200 mV at 600 Hz and as high as 600 mV at 1 kHz.
Figures 3 and 4 suggest that the wave activity during the elevated
level of neutral gas pressure and beam firing is mainly limited to
the 0.6 to 6 kHz frequency range.

From the peaks of induced potential voltage, we can con-
struct an envelope plot of induced potential vs the scanning
frequency, which describes quantitatively the wave spectrum in
the frequency range of 0.1 to 10 kHz. The envelope plot corre-
sponding to Fig. 3 is shown as a solid line in Fig. 5a, illustrating
enhanced wave activities in the 1 to 6 kHz frequency range. The
envelope for the sweep immediately following the neutral gas
release is shown as a dashed line ta indicate the level of activity
without the additional neutral gas pressure. Figure 5b is a
similar plot for the time period shown in Fig. 4. Recall that, in
this case, the neutral gas was above the critical 10~5 Torr level
while the probe was set to scan from 8 to 10 kHz and from 0.1
to 1 kHz. The significant increases above the scan at lower
pressure (dotted line) are in the 0.6 to 1.0 kHz range.

Together, Figs. 5a and 5b reiterate that the wave activity
measured by the low-frequency wave probe is concentrated in
the 0.6 to 6 kHz range when the neutral pressure is elevated
above 10 ~ 5 Torr. If the electron plasma frequency is much
higher than the electron gyrofrequency, the lower hybrid
resonance frequency for a single-ion plasma can be approxi-
mated by QLH = eB/c ^J~M~jne for the magnetic induction in the
ionosphere B ( = 0.3 G), ion mass Mit and electron mass me.
Therefore, the lower hybrid resonance frequency for single-ion
plasmas of N+ (5.2kHz), O+ (4.9kHz), and A + (3.1 kHz) all
fall within this range.

Data from the three floating probe sensors are shown in the
bottom three panels of Fig. 6 for the interval corresponding to
Fig. 2. The top panel shows the neutral gas pressure (as in Fig.
2) as a time reference for the occurrence of the Argon release.
The next three panels display successively the potential of the
ambient plasma at the top, middle, and bottom floating probes
relative to spacecraft ground. The floating probe data indicate
a marked change during the gas release. Before the neutral gas
is released, there is no indication of the beam firing in the
floating probe voltage: the top probe shows a 5V noise signal
and the middle and bottom probes no signal. When the neutral
pressure is increased, all three sensors show sharp positive
pulses about 7V in amplitude. Since the bottom probe is 27 cm
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Fig. 2 Data acquired by the SEPAC DGP as a function of time (x
axis). The panels show (from the top): the neutral pressure, langmuir
probe current, voltage applied to the langmuir probe, and automatic
gain control (AGO) readings for the low-frequency wave probe and
high-frequency wave probe AGC. The Shuttle latitude (LAT) and
longitude (LON) are shown at the bottom.
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Fig. 3 Frequency (middle panel) and induced voltage (bottom panel)
for the low-frequency wave probe sensor. The top panel shows the
neutral pressure during the same time period.
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Fig. 4 Frequency and induced voltage for the low-frequency wave
probe sensor.

above the Spacelab pallet, we estimate that the potential
gradient is about 24 V/m between the bottom probe and the
spacecraft and negligible above the bottom probe.

The floating probe measurements for the other three events in
the group are similar to the event shown in Fig. 6, although the
magnitudes of the potential gradient are different. One event
(02:24:30-33 UT on December 7, 1983) has floating probe
behavior identical to that shown in Fig. 6. In another case
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(02:54:31-33 UT on December 7, 1983), the potential gradient
is unclear because dense noise obscures the characteristic on the
top probe, and the middle and bottom sensors show no induced
voltage. Finally, the event corresponding to the interval of Fig.
4 is illustrated in Fig. 7. The middle probe actually shows small
negative voltage peaks corresponding to beam firings before the
gas release and large positive voltage peaks about + 20V during
the high gas pressure (third panel). The top probe measured
+ 25V peaks and the bottom probe +15V peaks while the

^additional gas was present. In this case, the electric field is
estimated to be about 45 V/m between the bottom probe and the
spacecraft.

As just mentioned, the EPA voltage was set to detect only
electrons with energies in a narrow passband around 100 eV. In
all four of the class 1 examples, the EPA shows some energy flux
enhancement (sometimes as high as 109 eV/cm2-sr-s-keV over
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Fig. 5a Envelope plots of induced voltage vs frequency from the data
shown in Fig. 3 .
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the background level of 5 x 107 eV/cm2-sr-s-keV) coincident
with the PICPAB beam firings. In one instance, December 7,
1983 from 2:24:30 until 2:24:33 UT, there is significant contin-
ued enhancement during the neutral gas release. After the neu-
tral gas is released (at 2:24:30.9 UT), the energy flux between
firings remains above background level, at greater than 3 x 108

eV/cm2-sr-s-keV, indicating the existence of an electron cloud
whose temperature is at least 100 eV.
Class 2: Positive Langmuir Probe Current

The second class of events, in which the probe current
remains positive during the gas release, has two events. One
example is illustrated in Fig. 8. This event started at 02:52:1.1
UT, near the beginning of the FO8A, which was performed
approximately 25 min after the last FO involving the MPD. The
top plot shows that the neutral pressure increases only by a
factor of six. (Recall that the neutral gas pressure increases by a
factor of 23 in the first class of events discussed here.) The lower
plots show that there is no change in the signals from the
langmuir probe (second and third panel), the floating probes
(fourth panel), or the wave probe AGC's (fifth and bottom
panels), concurrent with PICPAB accelerator firings during the
neutral Argon release from the MPD. The EPA data from this
event (not shown) give no indication of the beam firings or the
neutral gas release. The other event in this class, which occurred
during the period from 18:48:01 to 18:48:04 UT on December 4,
1983, is similar in character to the case in FO8A just discussed
so the data are not shown.

DEC 7 1983 SPACELAB 1 SEPAC PCM MODE FO * 8A
I

: JULtLJULJUAULUn II LJJILJHU1LII I 1.1 111!. .IH.IH..J.JIL

-20 :
UT (HM) 03:37: 03:37: 03:37: 03:37: 03:37: 03:37:
UT (S) 0.500 1.100 1.700 2.300 2.900 3.500
LAT -51 -51 -51
LON 343 343 343

Fig. 6 Floating probe voltage data. The top panel is neutral gas
pressure data, whereas the second, third, and fourth panels are the
voltages monitored on the top, middle, and bottom floating probes,
respectively.
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Fig. 5b Envelope plots of induced voltage vs frequency from the data
shown in Fig. 4.

UT (HM) 03:39: 03:39: 03:39: 03:39: 03:39: 03:39:
UT (S) 30.500 31.100 31.700 32.300 32.900 33.500
LAT -46 -46 -46 -46 -46 -46
LON 355 355 355 355 355 355

Fig. 7 Floating probe voltage data.
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Summary
Table 1 gives a summary of the data from all six instances of

neutral gas releases during which the PICPAB beam was fired.
Table 1 lists the peak pressure during the gas release; A/, the
difference in the peak values of the langmuir probe current
before and after the gas release and the electric field strength
between the bottom floating probe and the Shuttle surface. It is
clear from the table that the response of the plasma diagnostics
depends on the amount of gas released. All the events in class 1
have high gas pressure (70 x 10 ~6 Torr) and the two events in
class 2 low gas pressure (< 10 x 10~6 Torr). For class 1 events,
the langmuir probe signal shifts from positive to negative during
the release (A/ < 0), and in all but one such instance, the electric
field exceeds 24 mV/m in the direction away from the Shuttle.
For class 2 events, both A/ and the field are zero. There is a
similar pattern in the low-frequency wave data: the larger gas
releases show greater increases in intensity.

Discussion
The increase in current collected by the langmuir probe

indicates that there is additional plasma created during the time
of the neutral gas release. The stimulation of wave activity at the
lower hybrid resonance is also indicative of enhanced ioniza-
tion. This increased ionization could occur through simple
collisions, or through a more disruptive mechanism such as a
beam plasma discharge (BPD).

The number of ionizations per second that can be expected
from collisions alone is given to good accuracy by10

ionization/s = (Ib/e)Lno

= 6.2 x 1013(P/s)

where L = 2 m is the assumed length of the interaction region,
Ib - 10"1 A, Pis the neutral pressure in 10~6 Torr, and the cross
section a is taken to be 1.5 x 10~~17 cm2 for 8 keV electrons
according to Ref. 11. If, following Ref. 12, we take the plasma
diffusion velocity to be 103 m/s, we can calculate that the newly
ionized plasma will leave the 2 m active region within 2 ms. This
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Fig. 8 SEPAC diagnostic data for a class 2 event.

Table 1 Summary of gas release data

Class
1
1
1
1
2
2

Day
Dec. 7, 1983
Dec. 7, 1983
Dec. 7, 1983
Dec. 7, 1983
Dec. 7, 1983
Dec. 4, 1983

UT
3:37:00
3:39:30
2:24:30
2:54:31
2:52:00

18:48:00

Pressure,
10 ~6 Torr

70
70
70
70
10
3.5

A/a,
/tA
-7.0
-9.5
-8.0
-7.5

0
0

Fieldb,
mV/m

24
45
24
7
0
0

diffusion time is supported by the data: a close examination of
the peaks in the langmuir probe data indicates that the current
reaches its maximum within 1 or 2 ms and remains in a steady
state for the duration of the 20 ms beam pulse. Given that the
active region of the neutral cloud had a radius of 1 m, and
integrating the ionization rate over 2 ms, one would expect
plasma density increases on the order of 1.0,3.0, and 21.0 x 105

cm~3 for pressures of 3.5 x 10~6 Torr, 1 x 10~5 Torr, and 7 x
10~5 Torr, respectively.

The ambient plasma density in sunlight at an altitude of 250
km is on the order of 5 x 105 cm~3; thus, we can expect that the
additional plasma density due to collisional ionization will be
greater than the ambient plasma density in the case of the large
gas releases (P = 1 x 10~5 Torr), but not in the cases where the
neutral pressure only reaches 1 x 10~5 Torr or less. Ionization
by collisions alone does then account for the additional lang-
muir probe current in the former case and the lack of it in the
latter.

Although the additional current to the langmuir probe can be
understood by collisional ionization, the sign change in the
langmuir probe current with the onset of the neutral gas release
is still to be explained. A negative current signal indicates that
the probe is either attracting ions or emitting electrons. Both
options initially seem unlikely with + 6 V applied potential. The
effective collection of ions is made virtually impossible by their
comparatively large mass. Electron emission can occur during
an electron discharge from the probe, but a direct discharge
from the probe would require at least a potential difference on
the order of 1 kV between the probe and the plasma, which is
much higher than indicated by the floating probes. Alterna-
tively, a more reasonable explanation for electron emission is
that the ionized plasma cloud is at a higher potential than the
spacecraft and secondary electron fluxes exceed the primary
incident electron fluxes. For a positive potential difference
(<t>0 >0) (the spacecraft is assumed to be at zero potential),
primary incident electrons are decelerated and secondary
electrons escape. When secondary electron fluxes exceed inci-
dent fluxes at the probe surface, the langmuir probes will
measure a negative current signal. When </>0<0, incident
electrons are accelerated and secondary electron fluxes always
exceed incident fluxes; however, the langmuir probe will not
record a negative current signal since secondary electrons
cannot escape and will form a sheath around the probe in an
equilibrium. In fact, the floating probes confirm the existence
of such a positive potential gradient. Recalling Fig. 6 and Table
1, we calculate a + 24 V/m gradient between the bottom probe
and the spacecraft.

The conditions under which the secondary electron flux ysec is
greater than the primary flux /inc for a positive potential
difference <t>0 between the probe and the ionized gas cloud were
investigated. The electron distribution in the plasma cloud is
assumed to be an isotropic Maxwellian function f ( E ) before
passing through the potential. At the probe surface, the distri-
bution function is thenf(E + e</>0). The primary and secondary
electron fluxes are then given by 13

/inc = 27rjo dvv3f(E
p oo r- 7T/2

Jsec = 2?T dv dBv3 cosd smOf(E
JO JO

(1)
(2)

aA7 = current (after) — current (before). bField = voltage (bottom probe)/
distance.

where E - mev2/2 is the electron energy at the probe surface.
The factor d(E, 0) is the yield of secondary electrons defined as
the average number of emitted electrons per incident electron
with an incident energy E and an angle of incident 8 relative to
the surface normal. The energy and angle dependence of the
secondary electron yield d(E,6) is given in Ref. 13.

With Eqs. (1) and (2), a numerical integration was done to
calculate the primary and secondary electron fluxes incident on
gold as a function of the potential energy gained by an electron
passing through the potential drop <£0. Figure 9 shows the ratio
of incident and secondary fluxes plotted against </>0 for electron
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temperature T = 100 eV, 150 eV, and 200 eV. These plots show
that only for incident electron temperatures greater than 150 eV
will secondary flux be greater than incident flux (Jsec/T-mc> 1)
for </>0 > 0. For a potential difference of about 10 V as measured
by the floating probe, an electron temperature of 150 eV or
greater is required. For an electron temperature of 200 eV, a
potential difference between the probe and the plasma can be
less than 100 eV in order for the secondary flux to exceed the
incident flux.

Although there is no measurement of the electron energy
spectrum for energy greater than 150 e V from the SEP AC DGP,
an enhancement in the electron flux at 100 eV is observed by the
EPA. Preliminary uncalibrated data from one of the electro-
static analyzers on the low-energy electron spectrometer and
magnetometer experiment (IES-019A) on Spacelab (see Ref. 14
for a description of the experiment) do show an enhancement of
flux in the 200 to 400 eV range (K. Wilhelm, private communi-
cation, 1988). Therefore, our suggestion of a hot plasma cloud
is consistent with the available plasma data.

In summary, the langmuir probe and floating probe data
indicate that the Shuttle appears to be at a lower potential than
the ambient plasma after having emitted electrons in a beam
firing. One explanation of the anomalous charging phenome-
non is that there is a region of hot dense plasma in the immediate
area of the payload bay, formed as a result of the ionization of
the neutral Argon gas released from the MPD.

Computer Simulation
The existence of a positive potential gradient between the

newly created plasma cloud in the payload bay and the Orbiter
seems to explain the data from the plasma probes; a computer
simulation using a particle-in-cell (PIC) electrostatic code was
conducted to determine whether such a gradient might, in fact,
develop under the given conditions. A one-dimensional model
was used to represent the system with the spatial direction taken
to be the direction of the magnetic field. The simulation initially
has two electron components, a cold uniform component filling
the entire system and a finite width slab of hot electron plasma.
The slab of hot electrons models those produced by the inter-
actions of the electron beam and the neutral gas. The simulation
model assumes that the ions in the background plasma have the
same locations as the cold and hot electrons so that the net

charge density is zero everywhere initially. The ions are assumed
to be motionless because of their heavy mass.

The thermal speed within the hot electron slab ah is taken to
be O.Olc, and the thermal speed of the uniform cold electrons is
taken to be O.OOlc, where c is the speed of light, the unit of
velocity used in the simulations. In terms of temperature Th, the
thermal speed ah is defined as ̂ lTh/2me, where meis the electron
mass. We used 4096 particles for the hot electron slab and 8192
particles for the cold component. Because the hot component is
distributed over one-quarter of the simulation system, the
number density of the hot component is twice that of the cold
component. The simulation system is subdivided into 64 cells.
The simulation system has a length L of 1.2 c/upe, where upe is
the electron plasma frequency inside the hot electron slab. The
system length L is approximately equal to 500 \D, where \D =

is the electron Debye length for the hot electrons.
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Fig. 9 Ratio of secondary electron flux to incident flux vs </>o for
electron temperature T = 100 eV, 150 eV, and 200 eV.
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Fig. 11 Number of cold electrons per cell 7VC (top) and potential
(bottom) as computed in the simulation. The potential is normalized by
the hot electron temperature.

In the specified parameters, we initialize the simulations by
loading the particles uniformly in space and assigning them
random velocities such that Maxwellian distributions are pro-
duced. The hot electron slab is loaded from x = 0 to x = L/4.
The vx — x phase space plot of the initial system is shown in the
left two panels of Fig. 10 for the hot component (top) and the
cold component (bottom). The system is then allowed to evolve
in time. The spacecraft is assumed to be positioned at the left-
hand boundary x = 0, so that the potential is zero and particles
leaving that boundary are reflected. The electric field is assumed
to be zero at the x = L boundary in solving Poisson's equation.
The simulation is stopped at about time t - 50^ when hot
electrons are just reflected from the right-hand boundary. The
phase space plots near the end of the simulation runs are shown
in the right-hand panels.

The right-hand panels of Fig. 10 show that at 50 cope, the hot
electrons have escaped from the slab, and the cold electrons
have bunched toward the origin, forming a space charge separ-
ation . Figure 11 shows a plot of the number of cold electrons per
cell (top) and potential (bottom) vs distance. The number of
cold electrons per cell is enhanced within the left quarter of the
system and depressed in the second quarter. The potential
double layer is clearly in evidence with a positive potential
gradient between x = 0 and x = L/4. The total potential drop
of the double layer is about four times that of the hot electron
temperature. It is this double-layer structure that allows the
secondary electrons to escape from the langmuir probe, yielding
a net negative current.

Conclusions
Based on the evidence of the simulation and the secondary

electron production calculations, it seems that the formation of
a double-layer structure separating a hot plasma cloud from the
cold ambient plasma is a reasonable scenario. The hot plasma
cloud is probably produced by the ionization of the released
neutral gas. The anomalous signatures of spacecraft charging
potential and return current observed by the SEP AC diagnostic
instruments imply that the electron temperature of the hot
plasma cloud is greater than 150 eV. Further detailed studies of
plasma data are needed to confirm the existence of such a hot
electron cloud. Finally, there appears to be no direct evidence
for beam plasma discharge (BPD), and the experimental results
can be explained without evoking such a discharge.
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