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Abstract. During the Spacelab 2 mission the conjunctions in which the shuttle was targeted to 
Plasma Diagnostics Package (PDP) performed a fly- intersect the magnetic field line passing through 
around of the shuttle at distances of up to 300 the PDP. During the first two conjunctions the 
meters while an electron beam was being ejected electron gun was off so that the PDP could 
from the shuttle. We discuss a magnetic conjunc- monitor disturbances produced in the ionosphere 
tion of the shuttle and the PDP while the elec- by the shuttle. During the third conjunction, 
tron gun was operating in a steady (DC) mode. which is discussed here, the gun was operated in 
During this conjunction, the PDP detected a clear a steady (DC) mode to simulate a natural aurora, 
funnel-shaped emission that is believed to be and during the fourth conjunction the gun was 
caused by whistler-mode emission from the beam. operated in a pulsed mode. 
Ray-path calculations show that the shape of the 
funnel can be accounted for by whistler-mode II. Observations 
waves propagating near the resonance cone. 
Because the beam and waves are propagating in the The trajectory of the shuttle relative to the 
same direction, the radiation must be produced by PDP during the third conjunction is shown in Fig- 
a Landau, w/k H = Vb, interaction with the beam. ure 1. The coordinate system used in this dia- 
Other types of waves generated by the beam are gram is the so-called local-vertical, local- 
also described. horizontal system. The +z axis is directed to- 

ward the center of the earth, the x axis is in 
I. Introduction the orbital plane, •nd the y axis completes the 

usual right-handed coordinate system. Time is 
During the recent Spacelab 2 flight, which was shown by the tick marks along the trajectory. A 

launched on July 29, 1985, a spacecraft called complete fly-around takes one orbit, or about 92 
the Plasma Diagnostics Package (PDP) was released minutes. The magnetic conjunction of interest 
from the shuttle to survey the plasma environment occurred at 0334:12 UT. The magnetic field at 
around the shuttle. Among the various investiga- the time of the conjunction is shown in Figure 1 
tions performed was a study of the effects pro- projected onto the x-z plane. The (x,y,z) coor- 
duced by an electron beam ejected from the dinares of the shuttle at this time are (-53, 89, 
shuttle. This paper describes the plasma waves -188) meters, and the separation distance is 216 
observed during a magnetic conjunction between meters. Calculations based on a model magnetic 
the PDP and the shuttle while the electron gun field indicate that the magnetic field line 
was being operated. As will be shown, the through the shuttle came within 10 meters of the 
plasma-wave emissions observed are remarkably PDP. 
similar to emissions detected by spacecraft fly- A spectrogram of the plasma wave electric 
ing through auroral electron beams. field intensities during a 30-minute period 

The PDP was designed and constructed at The around the magnetic conjunction is shown in 
University of Iowa and is a reflight of the Figure 2. These measurements are from the 3.89 
spacecraft previously flown on the STS-3 flight meter double-sphere electric antenna on the PDP. 
[Shawhan et al., 1984]. The PDP included instru- The frequency range extends from 31Hz to 17.8 
menration from The University of Iowa, Goddard MHz and the dynamic range extends from about 
Space Flight Center, and Marshall Space Flight 
Center. For a description of the spacecraft and 
instruments, see Shawhan [1982]. The electron 
gun on the shuttle is part of the Vehicle Charg- 
ing and Potential (VCAP) experiment which was 
provided by Stanford University and Utah State 
University. For a description of the VCAP 
instrumentation, see Raitt et al. [1982]. 

The Spacelab 2 mission was flown in a nearly 
circular low-inclination orbit with a nominal 

altitude of about 325 km and an inclination of 

49.5 ø . The PDP was in free flight around the 
shuttle from 0010 to 0620 UT on August 1, 1985. 
During this roughly 6-hour interval the shuttle 
performed two complete fly-arounds of the PDP. 
These fly-arounds included four magnetic 
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Copyright 1986 by the American Geophysical Union. Fig. 1. The trajectory of the shuttle relative 

to the PDP during the third magnetic conjunction. 
Paper number 5L6773. The electron beam was ejected downward, toward 
0094/8276/86/005L-6773503.00 the PDP. 
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and fc • 1MHz, both of these frequencies are 
nearly the same, so it is difficult to be sure 
which is the relevant frequency. 

Representative plots of the electric and mag- 
netic field spectrums are shown in Figure 3. To 
minimize antenna orientation effects, the inten- 
sities have been averaged over 30 seconds, which 
includes several spacecraft rotations. Both the 
electric and magnetic antennas are perpendicular 
to the spacecraft spin axis. The spectrum at 
0334:00 UT shows the intensities near the beam, 
and the spectrum at 0335:00 UT shows the inten- 
sities away from the beam. Near the beam both 
the electric and magnetic intensities are. above 
the instrument noise level over the entire fre- 

quency range measured. The narrowband emission 
near the plasma frequency is clearly evident. 
The electric field strength of this emission is 
about 2.8 mVolts/m. Although this emission is 
most likely an electrostatic wave, the electro- 
static/electromagnetic character cannot be clear- 
ly established because no magnetic field measure- 
ments are available in this frequency range. 
Near the beam, at 0334:00 UT it is difficult to 
distinguish the funnel-shaped emission above 
about 10 kHz from the intense low frequency noise 
below 10 .kHz. Both types of emissions have a 
magnetic field component. The electric field 
strength of the low frequency noise, integrated 
from 31Hz to 10 kHz, is about 150 mVolt/m, and 
the magnetic field strength integrated over the 

electron beam was ejected downward toward the 
PDP, as shown in Figure 1. 

The intense nearly symmetric emission centered 
on about 0334:05 UT in Figure 2 is produced by 
the electron beam. At low frequencies the spec- 
trum is characterized by a very intense broadband 
emission from about 0333:20 UT to 0334:20 UT. 

Another type of low frequency noise can be seen 
extending from about 0328 to 0339. This noise is 
produced by an interaction of the shuttle with 
the ionosphere and is not related to the electron 
beam. At higher frequencies a very well defined 
funnel-shaped feature can be seen extending up to 
about 1MHz, spreading out at higher frequencies. 
The upper cutoff of the funnel-shaped emission is 
just below the electron cyclotron frequency, 
which is shown by the solid line labelled fc in 
Figure 2. The onset and termination of the 
funnel at 0330:00 UT and 0337:40 UT correspond to 
the start and stop times of the electron gun 
operation. At even higher frequencies an intense 
narrowband emission can be seen at about 3.1MHz, 
lasting for about 30 seconds, from 0333:45 to 

Fig. 2. A spectrogram of the plasma wave elec- same frequency range, is about 0.17 nT. As a 
tric field intensities during the third magnetic crude indication of the electrostatic/electromag- 
conjunction. netic character of this noise one can compute the 

magnetic to electric field ratio, cB/E, and 
compare this ratio to the expected index of 

10-14 to 10 -6 volts2m -2Hz -1 . The perpendicular refraction for an electromagnetic wave. The cB/E 
distance, R i, in meters, from the PDP to the mag- 
netic field line through the shuttle is shown at 

I I I I I I 

the bottom of the spectrogram. The electron gun PDP DAY 213, 1985 was turned on in the steady (DC) mode with a beam 1(•4- 

energy of 1 keV and current of 50 mAmp at 0330:00 T,- •34 UT UT and stayed on until 0337:40 UT. During this 
period the shuttle was oriented such that the • ' \/0335 Ut 
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0334:15 UT. From a preliminary comparison with FREQUENCY, Hz 
the electron density [N. D'Angelo, personal Fig. 3. Electric and magnetic spectrums, E 2/Af 
communication], it is believed that this narrow- and B 2/Af, and the magnetic to electric field 
band emission is at either the electron plasma ratio, cB/E, averaged over 30-sec. intervals near 
frequency, fp, or the upper hybrid resonance fre- the magnetic conjunction, 0334:00, and shortly 
quency, fUHR-- (fc 2 + fp2)1/2. For fp ~ 3.1 MHz after the magnetic conjunction, 0335:00 UT. 
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where S and P are defined by Stix [1962]. The 
approximation is valid in the high density limit, 
where the wave frequency and electron cyclotron 
frequency are much less than the electron plasma 
frequency. Equation I shows that at low frequen- 
cies the ray path is almost exactly along the 
magnetic field. As the frequency increases the 
ray angle increases, approaching perpendicular as 
the wave frequency approaches the cyclotron fre- 
quency. Propagation ceases at frequencies above 
the cyclotron frequency. For a spatially local- 
ized line source, this frequency dependence pro- 
duces a funnel-shaped frequency-time variation as 
the spacecraft crosses the source, as illustrated 
in Figure 4. The fact that the funnel is filled 
in indicates that the source is an extended 

(line) source. The sharply defined outer bound- 
ary indicates that the source starts at a well- 

TIME = defined point. The starting point is the elec- 
Fig. 4. A schematic illustration showing the ray cron gun in the case of the SL-2 electron beam, 
paths of whistler-mode radiation from a point and the acceleration region in the case of the 
source for wave normal angles near the resonance aurora, 

cone. The ray path angle • increases with To verify that the funnel-shaped emission ob- 
increasing frequency, thereby producing a funnel- served by the PDP is caused by whistler-mode ra- 
shaped feature as the spacecraft crosses the diation near the resonance cone we have computed 
source field line. the limiting ray paths from the electron beam and 

compared the boundaries with the observed shape 
of the funnel. The results of these calculations 

ratio is shown in the bottom panel of Figure 3. are shown in Figure 5. The cross-hatched region 
The cB/E ratio of the low frequency noise varies shows the outline of the funnel, and the solid 
from 3.0 to 30, less than would be expected for a lines show the boundaries from the ray path 
purely electromagnetic mode of propagation. For computations. Because the distances involved are 
reference the index of refraction, n, for paral- small compared to the spatial scale lengths in 
lel propagation is shown in Figure 3. The field the ionosphere, the ray paths were assumed to be 
strength of the funnel-shaped emission is best straight lines. The finite size of the beam was 
determined in the region away from the beam, at included, assuming a beam diameter of 5.2 meters. 
0335:00 UT, where it can be clearly distinguished The actual equations for S and P were used, in- 
from the low-frequency noise. The broadband cluding electrons but no ions. The electron 
electric and magnetic field strengths, integrated cyclotron frequency and magnetic field direction 
over the emission bandwidth, are 7.5 mVolts/m and were obtained from a multipole expansion of the 
0.1 nT. Again the cB/E ratio is less than would earth's magnetic field. The computations are 
be expected for parallel propagation. relatively insensitive to the electron plasma 

frequency. To provide a realistic value, fp - 
III. Interpretation 

The plasma wave emissions from the SL-2 elec- 
tron beam bear a close similarity to waves 
observed in the earth's auroral zones. The most 

remarkable similarity is the funnel-shaped emis- 
sions. Very similar funnel-shaped emissions have 
been observed on a variety of polar orbiting 
spacecraft and have been called V-shape hiss, 
saucers and funnels [Gurnett, 1966; Smith, 1969; 
Mosier and Gurnett, 1969; Gurnett and Frank, 
1972; James, 1976; Gurnett etal., 1983]. These 
emissions are a special case of a general class 
of emissions known as auroral hiss [Helliwell, 
1965]. It is widely believed that this noise is 
whistler-mode radiation produced by electron 
beams associated with the aurora [Gurnett, 1966; 
Hartz, 1971; Hoffman and Laaspere, 1972; Gurnett 
and Frank, 1972]. 

The funnel-shaped spectral feature has a 
simple explanation based on the propagation of 
whistler-mode waves near the resonance cone. For 

wave normal angles near the resonance cone the 
ray propagates at an angle •Res with respect to 
the magnetic field, as illustrated in Figure 4. 
The angle •Res is given by 
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Fig. 5. A comparison of the computed ray path 
boundaries with the observed shape of the funnel- 
shaped emission. The close agreement indicates 
that the radiation is produced by whistler mode 
waves propagating near the resonance. cone. 
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3.1MHz was used. As can be seen from Figure 5, Gurnett, D. A., A satellite study of VLF hiss, J. 
the ray path computations are in good agreement Geoph•s. Res., 71, 5599-5615, 1966. 
with the observations. Gumerr, D. A., and L. A. Frank, VLF hiss and re- 

The whistler-mode interpretation of the lated plasma observations in the polar magnet- 
funnel-shaped emission is also consistent with osphere, J. Geophys. Res., 77, 172-190, 1972. 
the observed magnetic to electric field ratio. Gumerr, D. A., and L. A. Frank, A region of in- 
For whistler-mode waves propagating near the tense plasma wave turbulence on auroral field 
resonance cone the electric field is stronger lines, J. Geophys. Res., 82, 1031-1050, 1977. 
than for parallel propagation. This explains why Gurnett, D. A., S.D. Shawhan and R. R. Shaw, 
the cB/E ratio is smaller than for parallel Auroral hiss, z-mode radiation, and auroral 
propagation. The observed ratios, cB/E ~ 1 to kilometric radiation in the polar magneto- 
10, are also consistent with the magnetic to sphere: DE 1 observations, J. Geoph•s. Res., 
electric field ratios measured for whistler-mode 88, 329-340, 1983. 
auroral hiss [Gurnett and Frank, 1972]. The Hartz, T.R., Particle precipitation patterns, 
existence of an easily detectable magnetic field The Radiatin• Atmosphere• 1970, ed. by 
also rules out the possibility that the noise B. McCormac, 222, Von Nostrand Reinhold, N. 
could be an electrostatic electron acoustic mode, York, 1971. 
as has been suggested by Tokar and Gary [1984]. Helliwell, R. A., Whistlers and Related Iono- 
Also, there is no evidence of waves propagating spheric Phenomena, Stanford University Press• 
in the direction opposite the beam. Therefore, Stanford, 207, 1965. 
the radiation can be entirely attributed to the Hoffman, R.A., and T. Laaspere, Comparison of 
Landau resonance at w/k# I Vb . very-low-frequency auroral hiss with precipi- 

Although the funnel-shaped emission is almost rating low-energy electrons by the use of 
certainly whistler-mode radiation, the mode re- simultaneous data from two OGO 4 experiments, 
sponsible for the more intense noise at lower J. Geoph.ys. Res., 77, 640-650, 1972. 
frequencies has not been established. Although James, H. G., VLF saucers, J. Geophys. Res., 81, 
this noise appears to be a simple extension of 501-514, 1976. 
the whistler-mode noise to lower frequencies Mosier, S. R., and D. A. Gurnett, VLF measure- 
there are several problems with attributing this ments of the Poynting flux along the geomag- 
noise to the whistler mode. First, at low fre- netic field with the Injun 5 satellite, J. 
quencies, below the lower hybrid frequency, which Geoph•s. Res., 74, 5675-5687, 1969. 
should be around 5.8 kHz, the whistler mode no Raitt, W. J., P.M. Banks, W. F. Denig, and H. R. 
longer has a resonance cone. Quasi-electrostatic Anderson, Transient effect in beam-plasma 
propagation along the resonance cone is no longer interactions in a space simulation chamber 
possible. Second, at low frequencies the wave- stimulated by a fast pulse electron gun, 
length of the whistler mode becomes very large Artificial Particle Beams in Space Plasma 
for all directions of propagation, much larger Studies, ed. by B. Grandel, 405-418, Plenum, 
than the spatial thickness of the region of low N. York, 1982. 
frequency electrostatic noise, which is not more Shawhan, S. D., Description of the plasma diag- 
than a few tens of meters in diameter. Evidently nostics package (PDP) for the OSS-1 shuttle 
this intense low-frequency noise is caused by a mission and JSC chamber test in conjunction 
local beam-generated instability. For a discus- with the fast pulse electron gun (FPEG), 
sion of possible beam instabilities that could Artificial Particle Beams in Space Plasma 
account for this noise, see Grandel [1982]. It Studies, ed. B. Grandel, 419-430, Plenum, N. 
is interesting to note that this noise has a York, 1982. 
spectrum similar to the broadband electrostatic Shawhan, S. D., G. B. Murphy, P.M. Banks, P.R. 
noise observed by Gurnett and Frank [1977] along Williamson and W.J. Raitt, Wave emissions 
the auroral field lines. from dc and modulated electron beams on STS- 

3, Radio Science, 19, 471-486, 1984. 
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