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I. INTRODUCTION 

This volume (1) of the  Plasma Diagnostics Package (PDP) Final Science Report  

contains a summary of all of the  da t a  reduction and scientific analyses which were 

performed using PDP d a t a  obtained on STS-3 as a part  of t he  Office of Space Science 

f i r s t  payload (OSS-1). This work was performed under NASA/Marshall Space Flight 

Center  Contract  No. NAS8-32807 with the  University of Iowa during t h e  period of 

launch, March 22, 1982, through June 30, 1983. During this period the  primary d a t a  

reduction e f for t  consisted of processing summary plots of t he  da t a  received by the 14 

instruments located on the PDP and submitting these da ta  t o  the  National Space Science 

D a t a  Center  (NSSDC). 

The  scientific analyses during the  performance period consisted of general  studies 

which incorporated the  results of several  of the  PDP's instruments, detailed s tudies  

which concentrated on da ta  from only one or two of the instruments, and joint studies of 

beam-plasma interactions with the  OSS-1 Fast Pulse Electron Generator  (FPEG) of t h e  

Vehicle Charging and Potential  Investigation (VCAP). Internal reports, published papers 

and oral presentations which involve PDP/OSS-1 da ta  are listed in Sections 111 and IV. A 

PDP/OSS-1 scientific results meeting was  held at the  University of Iowa on April 19-20, 

1983. This meeting was attended by most of the PDP and VCAP investigators and 

provided a forum for  discussing and comparing the various results, particularly with 

regard to the shuttle orbi ter  environment. One of the most important functional 

objectives of t he  PDP on OSS-1 was t o  character ize  the orbi ter  environment. 
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11. SUMMARY OF DATA PROCESSED 

During t h e  period March 22, 1982 through June 30, 1983, t h e  University of Iowa 

generated 10-minute color survey slides for  all of t h e  t imes when t h e  PDP was turned on 

during t h e  OSS-1 flight, March 22, 1982 t o  March 27, 1982. These slides contain 15 

panels of data representing t h e  output from each of the instruments mounted on t h e  

PDP structure.  Two sets of slides, together with a Data  User's Guide, were submitted 

t o  NSSDC on April 28, 1983 and were given t h e  identifying number NSSDC ID 82-022A- 

01A. In addition, 70 mm black and white wideband analog film was generated showing 

high t i m e  and frequency resolution of t h e  electric and magnetic noise signals (0-30 kHz) 

received by t h e  wideband analog receiver mounted on t h e  PDP on t h e  OSS-1 flight. This 

f i lm,  toge ther  with a Data  User's Guide, was sent to NSSDC on June  23, 1983 and was 

given the identifying number NSSDC ID 82-022A-01B with film roll accession numbers 

0 IMOOOOl to IM00016. 
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111. INTERNAL REPORTS 

A list of University of Iowa internally-generated reports, which pertain to t h e  PDP 

on OSS-1, is given below. None of these reports was published (unless otherwise noted), 

but  e a c h  is on fi le in t h e  PDP Project Office in t h e  Department of Physics and 

Astronomy. 

STS-3/OSS-l Plasma Diagnostics Package (PDP): 30 Day Engineering Report, Stanley 
Shawhan, Roger Anderson, and Gerald Murphy, Report No. 82-03, Dept. of Physics 
and Astronomy, University of Iowa, April, 1982. 

STS-3/0SS-l Plasma Diagnostics Package (PDP): 90 Day Summary Science Report, 
Stanley D. Shawhan and Gerald B. Murphy, Report No. 82-07, Dept. of Physics and 
Astronomy, University of Iowa, July, 1982. (Incorporated in its ent i re ty  in 
"STS/OSS-l Plasma Diagnostics Package (PDP) Measurements of t h e  Temperature,  
Pressure and Plasma Environment, S. D. Shawhan and G. Murphy, proceedings of the 
Shut t le  Environment Workshop, Calverton, MD, Oct. 5-7, 1982.) 

STS-3 Electromagnetic Interference: OSS-1/PDP Measurements, Stanley D. Shawhan, 
Report  No. 82-06-01, Dept. of Physics and Astronomy, University of Iowa, August, 
1982. 

STS-3/PDP Microprocessor and Power Buss Performance, Richard L. Kroeger, Donald C. 
Enemark, and Stanley D. Shawhan, Report No. 82-08, Dept. of Physics and 
Astronomy, University of Iowa, August, 1982. 

STS-3/PDP Thermal History and Time Constants, Martin E. Kerl, Timothy W. Clark, and 
Stanley D. Shawhan, Report No. 82-09, Dept. of Physics and Astronomy, University 
of Iowa, September, 1982. 

Report  on S-Band Field Strengths Due to the Transmitters of the Columbia as Measured 
on STS-3 by t h e  University of Iowa Plasma Diagnostics Package, Gerald B. Murphy, 
Stanley D. Shawhan, and Kerry L. Neal ,  Report Nos. 82-10 and 83-04, Dept. of 
Physics and Astronomy, University of Iowa, September, 1982 and May 1983. 

D a t a  Users Guide to Plasma Diagnostics Package Survey Slides, Stanley D. Shawhan, 
Gerald B. Murphy, and Jolene S. Pickett, Report No. 83-02, Dept. of Physics and 
Astronomy, University of Iowa, April, 1983. 

D a t a  Users Guide to Plasma Diagnostics Package Wideband Analog Film, Stanley D. 
Shawhan, Gerald B. Murphy, and Jolene S. Pickett, Report No. 83-07, Dept. of 
Physics and Astronomy, University of Iowa, June, 1983. 
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IV. PUBLICATIONS AND PRESENTATIONS 

A list of publications and oral presentations, which contain PDP/OSS-1 data, is 

given below. Copies of most of t h e  publications are included in t h e  remainder of this  

volume. 

A. LIST O F  PUBLICATIONS IN REFEREED JOURNALS 

Description of t h e  Plasma Diagnostics Package (PDP) for  t h e  OSS-1 Shuttle Mission and 
JSC Plasma Chamber Test in Conjunction with the Fast Pulse Electron Gun (FPEG), 
Stanley D. Shawhan, in Artificial Particle Beams Utilized in Soace Plasma Studies, 
B.Grandal (ed.); NATO Conference Publications Series, Plenum Press, pp. 419-429, 
1982. 

Science on t h e  Space Shuttle, W. M. Neupert, P. M. Banks, G. E. Brueckner, E. G. 
Chipman, J. Cowles, J. A. M. McDonnell, R. Novick, S. Ollendorf, S. D. Shawhan, J. 
J. Triolo, and J. L. Weinberg, Nature, Vol. 296, pp. 193-197, 1982. 

Subsatell i te Studies of Wave, Plasma and Chemical Injections from Spacelab, Stanley D. 
Shawhan, J a m e s  L. Burch, and Robert W. Fredricks, J. of Soacecraft  and Rockets, 
Vol. 20, pp. 238-244, 1983. 

A Spacelab Principal Investigator's Guidance for  Planning Scientific Experiments Using 
t h e  Shuttle, Stanley D. Shawhan, J. of SDacecraft and Rockets, Vol. 20, pp. 477-483, 
1983. 

Multiple Ion S t reams in the Near Vicinity of t h e  Space Shuttle, N. H. Stone, U. Samir, K. 
H. Wright, Jr, D. L. Reasoner, and S. D. Shawhan, GeoDhvs. Res. Lett., Vol. 10, pp. 
1215-1218, 1983. 

Plasma Diagnostics Package Initial Assessment of the Shuttle Orbiter Plasma - 
Environment, Stanley D. Shawhan, Gerald B. Murphy, and Jolene S. Pickett ,  
Spacecraf t  and Rockets, Vol. 21, No. 4, pp. 387-391, 1984. 

Measurements of Electromagnetic Interference on OV102 Columbia Using t h e  Plasma 
Diagnostics Package, Stanley D. Shawhan, Gerald B. Murphy, and Dwight L. Fortna, 
J. of SDacecraft and Rockets, Vol. 21, No. 4, pp. 392-397, 1984. 

Radio Frequency Fields Generated by t h e  S-Band Communication Link on OV102, Gerald 
B. Murphy and Stanley D. Shawhan, J. of SDacecraft and Rockets, Vol. 21, No. 4, pp. 
398-399, 1984. 

Wave emissions from DC and Modulated Electron Beams on STS 3, Stanley D. Shawhan, 
Gerald B. Murphy, Peter M. Banks, P. Roger Williamson, and W. John Raitt ,  Radio 
Science, Vol. 19, No. 2, pp. 471-486, 1984. 

Modulated Beam Injection from the  Space Shuttle during Magnetic Conjunctions of STS 
3 with the DE 1 Satellite, U. S. Inan, M. Pon, P. M. Banks, P. R. Williamson, W. J. 
Raitt ,  and S. D. Shawhan, Radio Science, Vol. 19, No. 2, pp. 487-495, 1984. 
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Effects  of Chemical Releases, by t h e  STS-3 Orbiter on the Ionosphere, Jolene S. Picket t ,  
Gerald B. Murphy, William S. Kurth, Christoph K. Goertz, and Stanley D. Shawhan, J- 
Geoohvs. Res., Vol. 90, No. 4A, pp. 3487-3497, 1985. 

Further  Observations of Space Shuttle Plasma-Electrodynamic Effects  from OSS-l/STS- 
3, N. H. Stone, K. H. Wright, Jr., K. S. Hwang, U. Samir, G. B. Murphy, and S. D. 
Shawhan, Geoohvs. Res. Lett., Vol. 13, No. 3, pp. 217-220, 1986. 

Measurements of Plasma Parameters  in t h e  Vicinity of t h e  Space Shuttle, G. Murphy, J. 
Pickett ,  N. D'Angelo, and W. S. Kurth, Planet. Soace Sci., Vol. 34, No. 10, pp. 993- 
1004, 1986. 

Plasma Diagnostics Package Measurements of Ionospheric Ions and Shuttle-Induced 
Perturbations, David L. Reasoner, Stanley D. Shawhan, and Gerald B. Murphy, J- 
Geoohvs. Res., Vol. 91, No. A12, pp. 13,463-13,471, 1986. 

The  Emissions of Broadband Electrostatic Noise in t h e  N e a r  Vicinity of t h e  Shuttle 
Oribter,  K. S. Hwang, N. H. Stone, K. H. Wright, Jr., and U. Samir, Planet. Soace 
.9 Sci Vol. 35, 1373-1379, 1987. 

The  Space Shuttle as a Platform for  Observations of Ground-Based Transmit ter  Signals 
and Whistlers, T. Neubert, T. F. Bell, L. R. 0. Storey, D. A. Gc: qett, J. Geoohvs. 
d 9  Res Vol. 92, 11262-11268, 1987. 

Charging, N. H. Stone, U. Samir, K. H. Wright, Jr., and K. S. Hwang, J. Geoohvs. 
Res., Vol. 93, No. A5, pp. 4143-4147, 1988. 

Comment  on "Ram Iontt Scattering by Space Shuttle V x B Induced Differential  

VLF Wave Stimulation by Pulsed Electron Beams Injected from the Space Shuttle, G. D. 
Reeves, P. M. Banks, A. C. Fraser-Smith, T. Neubert, R. I. Bush, D. A. Gurnett ,  and 
W. J. Raitt ,  J. Geoohvs. Res., Vol. 93, 162-174, 1988. 

B. LIST O F  PUBLICATIONS IN PROCEEDINGS 

Measurements by the Plasma Diagnostics Package on STS-3, Stanley D. Shawhan and 
Gerald B. Murphy, Proceedings of the  Twelfth Space Simulation Conference ttShuttle 
Plus One-A New View of Space", Institute of Environmental Sciences, Pasadena, 
CA, 17-19 May, 1982. 

STS-3/0SS-l Plasma Diagnostics Package (PDP) Measurements of Orbiter-Generated V 
x B Potentials and Electrostatic Noise, S. D. Shawhan and G. B. Murphy, Proceedings 
of t h e  Workshop on Natural Charging of Large Space Structures in Near  Earth Polar 
Orbit, Air Force Geophysics Laboratory and Boston College, Hanscom AFB, MA, 14- 
15 Sept., 1982. 

STS-3/OSS-l Plasma Diagnostics Package (PDP) Measurements of the  Temperature,  
Pressure and Plasma Environment, S. D. Shawhan and G. Murphy, Proceedings of the  
Shuttle Environment Workshop, NASA Office of Space Science and Applications, 
Calverton, MD, 5-7 Oct., 1982. 
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0 STS-3/0SS-1 Plasma Diagnostics Package (PDP) Measurements of Orbiter Transmit ter  
and Subsystem Electromagnetic Interference, S. D. Shawhan and G. Murphy, 
Proceedings of t h e  Shuttle Environment Workshop, NASA Off ice of Space Science 
and Applications, Calverton, MD, 5-7 Oct., 1982. 

Electron Beam Experiments Aboard t h e  Space Shuttle, P. M. Banks, P. R. Williamson, W. 
J. Raitt ,  and S. D. Shawhan, Proceedings of the International Symposium on Active 
Experiments in Space, European Space Agency, Alpbach, Austria, 24-28 May, 1983. 

Interaction of t h e  Space Shuttle Orbiter with t h e  Ionospheric Plasma, G. B. Murphy, S. 
D. Shawhan, L. A. Frank, N. D'Angelo, D. A. Gurnett, J. M. Grebowsky, D. L. 
Reasoner and N. Stone, Proceedings of t h e  17th ESLAB Symposium on 
Spacecraft/Plasma Interactions and their  Influence on Field and Part ic le  
Measurements, European Space Agency, Noordwijk, Netherlands, pp. 73-78, 13-16 
Sept., 1983. 

Suprathermal Plasma Observed on t h e  STS-3 Mission by t h e  Plasma Diagnostics 
Package, W. Paterson, L. A. Frank, H. Owens, J. S. Pickett, G. B. Murphy and S. D. 
Shawhan, Proceedings of t3e USAF/NASA Spacecraft  Environmental Interactions 
Technology Conference, U.S. Air Force Academy, Colorado Springs, CO, 4-6 Oct., 
1983. 

Electron and Ion Density Depletions Measured in the  STS-3 Orbiter Wake, G. B. Murphy, 
J. S. Pickett ,  W. J. Raitt ,  and S. €3. Shawhan, Proceedings of t h e  USAF/NASA 
Spacecraf t  Environmental Interactions Technology Conference, U. S. Air Force 
Academy, Colorado Springs, CO, 4-6 Oct., 1983. 

Perturbations t o  t h e  Plasma Environment Induced by t h e  Orbiter's Maneuvering 
Thrusters, Gerald B. Murphy, Stanley D.Shawhan, and Jolene S. Pickett ,  Proceedings 
of the AIAA Shuttle Environment and Operations Meeting, American Insti tute of 
Aeronautics and Astronautics, Washington, D.C., pp. 59-65, 31 0ct.-2 Nov., 1983. 

Measured Thermal Ion Environment of STS-3, J. M. Grebowsky, M. W. Pharo 111, H. A. 
Taylor, Jr., and I. J. Eberstein, Proceedings of t h e  AIAA Environment and Operations 
Meeting, American Institute of Aeronautics and Astronautics, Washington, D.C., pp. 
47-51, 31 0ct.-2 Nov., 1983. 

C. LIST OF ORAL PRESENTATIONS 

Subsatell i te Studies of Wave, Plasma and Chemical Injections from Spacelab, S. D. 
Shawhan, J. L. Burch, and R. W. Fredricks, AIAA 20th Aerospace Sciences Meeting, 
American Insti tute of Aeronautics and Astronautics, Orlando, FL, Jan., 1982. 

Results f rom the  Plasma Diagnostics Package, S.D.Shawhan, OSS-1 Press Conference, 
NASA/HQ, Washington, D.C., May, 1982. 

Measurements by t h e  Plasma Diagnostics Package on STS-3, Stanley D. Shawhan and 
Gerald B. Murphy, Twelfth Space Simulation Conference "Shuttle Plus One-A View 
of Space", Insti tute of Environmental Sciences, Pasadena, CA, 17-19 May, 1982. 

0 Plasma Diagnostics Package of t h e  OSS-1 Pallet on STS-3: The Mission and First 
Results, S. D. Shawhan, AGU 1982 Spring Meeting, Philadelphia, PA, June, 1982. 
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Beam-Plasma Experiments from the Space Shuttle STS-3 Mission, S. D. Shawhan, 
European Geophysical Society, Leeds, England, Aug., 1982. 

STS-3/0SS-1 Plasma Diagnostics Package (PDP) Measurements of Orbiter-Generated V 
x B Potentials and Electrostatic Noise, Workshop on Natural Charging of Large 
Space Structures  in Near Earth Polar Oribt, Air Force Geophysics Laboratory, 
Hanscom AFB, MA, 14-15 Sept., 1982. 

STS-S/OSS-l Plasma Diagnostics Package (PDP) Measurements of Orbi ter  Transmit ter  
and Subsystem Electromagnetic Interference, S. D. Shawhan and G. Murphy, The 
Shuttle Environment Workshop, NASA Off ice of Space Science and Applications, 
Calverton, MD, 5-7 Oct., 1982. 

STS-3/0SS-l Plasma Diagnostics Package Measurements of the  Temperature,  Pressure 
and Plasma Environment, S. D. Shawhan and G. Murphy, The Shuttle Environment 
Workshop, NASA Office of Space Science and Applications, Calverton, MD, 5-7 Oct., 
1982. 

PDP Measurements of Beam-Plasma Interactions on STS-3/0SS-1, S. D. Shawhan, G. B. 
Murphy, L. A. Frank, D. A. Gurnett, and H. D. Owens, AGU 1982 Fall Meeting, 
American Geophysical Union, San Francisco, CA, 6-11 Dec., 1982. 

STS-3/0SS-1 Plasma Diagnostics Package (PDP) Measurements of Orbiter-Generated V 
x B Potentials and Electrostatic Noise, G. B. Murphy, S. D. Shawhan, and D. A. 
Gurnett ,  AGU 1982 Fall Meeting, American Geophysical Union, San Francisco, CA, 
6-11 Dec., 1982. 

Orbiter-Excited Electrostatic Emission, Stanley D. Shawhan, Gerald B. Murphy, and 
Donald A. Gurnett ,  National Radio Science Meeting, U. S. National Commit tee  for 
International Union of Radio Science, Boulder, CO, 5-7 Jan., 1983. 

Wave Emission from t h e  FPEG Electron Beam Measured with t h e  PDP, Stanley D. 
Shawhan, Gerald B. Murphy, and P e t e r  Banks, National Radio Science Meeting, U. S. 
National Commit tee  for  International Union of Radio Science, Boulder, CO, 5-7 Jan., 
1983. 

Plasma Diagnostics Package Assessment of t h e  STS-3 Orbiter Environment and Systems 
for Science, Gerald B. Murphy and Stanley D. Shawhan, AIAA 21st Aerospace 
Sciences Meeting, American Institute of Aeronautics and Astronautics, Reno, NV, 
10-13 Jan., 1983. 

Beam-Plasma Interactions and Orbiter Environment Measurements with t h e  PDP on 
STS-3, S. D. Shawhan, R. R. Anderson, N. D'Angelo, L. A. Frank, D. A. Gurnett ,  G. 
B. Murphy, H. D. Owens, D. Reasoner, N. Stone, H. Brinton, and D. Fortna, AIAA 
21st Aerospace Sciences Meeting, American Institute of Aeronautics and 
Astronautics, Reno, NV, 10-13 Jan., 1983. 

Orbiter-Associated Wave Phenomena, Stanley D. Shawhan, Donald A. Gurnett ,  Gerald B. 
Murphy, and P e t e r  M. Banks, Waves in Magnetospheric Plasmas, Hawaii, 7-11 Feb., 
1983. 
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@ Interaction of the Space Shuttle Orbiter with the Ionospheric Plasma, G. B. Murphy, S. 
D. Shawhan, L. A. Frank, N. D'Angelo, D. A. Gurnett ,  J. M. Grebowsky, D. L. 
Reasoner, and N. Stone, 17th ESLAB Symposium on Spacecraft/Plasma Interactions 
and their  Influence on Field and Particle Measurements, European Space Agency, 
Noordwijk, Netherlands, 13-16 Sept., 1983. 

Suprathermal Plasma Observed on the STS-3 Mission by t h e  Plasma Diagnostics 
Package, S. D. Shawhan, L. A. Frank, H. Owens, W. Paterson, J. Pickett ,  and G. B. 
Murphy, USAF/NASA Spacecraft  Environmental Interactions Technology 
Conference, U. S. Air Force Academy, Colorado Springs, CO, 4-6 Oct., 1983. 

Electron and Ion Density Depletions in t h e  STS-3 Orbiter Wake, S. D. Shawhan, G. B. 
Murphy, A. Dresselhaus, J. Pickett, J. Grebowsky, D. L. Reasoner, and W. J. Raitt ,  
USAF/NASA Spacecraft  Environmental Interactions Technology Conference, U. S. 
Air Force Academy, Colorado Springs, CO, 4-6 Oct., 1983. 

Perturbations to t h e  Plasma Environment Induced by t h e  Orbiter's Maneuvering 
Thrusters, Gerald B. Murphy, Stanley D. Shawhan, and Jolene S. Pickett ,  AIAA 
Shuttle Environment and Operations Meeting, American Insti tute of Aeronautics and 
Astronautics, Washington, D.C., 31 Oct. -2 Nov., 1983. 

Plasma Measurements on Space Shuttle, S. D. Shawhan and G. B. Murphy, AIAA Shutt le  
Environment and Operations Meeting, American Institute of Aeronautics and 
Astronautics, Washington, D.C., 31 Oct. -2 Nov., 1983. 

Observations of a Return Current Induced by an Electron Beam Emitted from the Space 
Shuttle, W. R. Paterson, W. S. Kurth, L. A. Frank, T. E. Eastman, G. B. Murphy, J. S. 
Picket t ,  H. Owens, and S. D. Shawhan, AGU 1983 Fall Meeting, American 
Geophysical Union, San Francisco, CA, 5-9 Dec., 1983. 

Broadband Orbiter-Generated Electrostatic Noise, G. B. Murphy, W. S. Kurth, J. S. 
Pickett ,  S. D. Shawhan, and K. Papadopoulos, AGU 1983 Fall Meeting, American 
Geophysical Union, San Francisco, CA, 5-9 Dec., 1983. 

Effec ts  of Chemical Releases by the STS-3 Orbiter on the Ionosphere, J. S. Pickett ,  G. 
B. Murphy, W. S. Kurth, and S.D. Shawhan, National Radio Science Meeting, U. S. 
National Commit tee  for International Union of Radio Science, Boulder, CO, 11-14 
Jan., 1984. 

Character is t ics  of Strong Plasma Turbulence Created by t h e  STS Orbiter, G. B. Murphy, 
N. D'Angelo, W. S. Kurth, J. S. Pickett ,  and S. D. Shawhan, National Radio Science 
Meeting, U. S. National Commit tee  for  International Union of Radio Science, 
Boulder, CO, 11-14 Jan., 1984. 

Effec ts  of Varying Plasma Density and Turbulence on t h e  Operation of a Large VLF 
Dipole Antenna, G. B. Murphy and J. S. Pickett, National Radio Science Meeting, U. 
S. National Commit tee  for  International Union of Radio Science, Boulder, CO, 11-14 
Jan., 1984. 

Observations of an  Electron Beam Emitted from the Space Shuttle, W. R. Paterson, L. 
A. Frank, W. S. Kurth, G. B. Murphy, J. S. Pickett  and S. D. Shawhan, Conference on 
Beam Plasma Interactions in Space, NASA and Science Applications, Inc., Eastsound, @ WA, 12-16 Aug., 1984. 
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Wave emissions from d c  and modulated electron beams on STS-3, Gerald B. Murphy, 
Stanley D. Shawhan, Peter M. Banks, P. Roger Williamson and W. John Raitt ,  
Conference on Beam Plasma Interactions in Space, NASA and Science Applications, 
Inc., Eastsound, WA, 12-16 Aug., 1984. 

Effects  of Chemical Releases by t h e  STS-3 Orbiter on t h e  Ionosphere, W. S. Kurth, J. S. 
Pickett ,  C. K. Goertz, G. B. Murphy, and S. D. Shawhan, XXIst General  Assembly of 
the International Union of Radio Science, Italian National Commit tee  f o r  URSI, 
Florence, Italy, 29 Aug. -5 Sept., 1984. 

Elevated Plasma "Temperature" in t h e  Near Wake of t h e  Shuttle Orbiter, G. B. Murphy, 
J. S. Pickett ,  N. D'Angelo, S. D. Shawhan, U. Samir, N. Stone, K. Wright, AGU 1984 
Fall Meeting, American Geophysical Union, San Francisco, CA ,6 Dec., 1984. 

OSS-UPDP Langmuii? Probe Results, G. B. Murphy, J. S. Pickett, N. D'Angelo, NASA 
Lewis Research Center,  Cleveland, OH, 24 Jan., 1985. 

OSS-1/PDP LEPEDEA Results, W. R. Paterson, L. A. Frank, NASA Lewis Research 
Center,  San Francisco, CA, 24 Jan., 1985. 

Plasma Oscillations Associated with the  Wake Structure of t h e  Space Shuttle, G. B. 
Murphy, J. S. Pickett ,  N. D'Angelo, W. S. Kurth, AGU 1985 Fall Meeting, American 
Geophysical Union, San Francisco, CA, 12 Dec., 1985. 

Conditions for the Emission of Broadband Electrostatic Waves Near the Shuttle Orbiter,  
K. S. Hwang, N. H. Stone, K. H. Wright, Jr., U. Samir, poster paper presented at 
1986 Spring AGU Meeting, American Geophysical Union, Baltimore, MD, 19-23 May, 
1986. 

D. STS-B/OSS-l PUBLICATIONS 



DESCRIPTION OF THE PLASMA DIAGNOSTICS PACKAGE (PDP) FOR THE OSS-1 
SHUTTLE MISSION AND JSC PLASMA CHAMBER TEST I N  CONJUNCTION WITH 
THE FAST PULSE ELECTRON GUN (FPEG) 

Stanley D. Shawhan 

Department of Physics and Astronomy 
The Universi ty  of Iowa 
Iowa C i t y ,  Iowa 52242 USA 

INTRODUCTION 

The Plasma Diagnost ics  Package (PDP) and support  systems are 
being readied f o r  f l i g h t  on t h e  OSS-1 Space S h u t t l e  Mission (STS-4 i n  
1982) and on t h e  Spacelab-2 S h u t t l e  Mission (1983 o r  1984). I n  March 
1981 i n  the  Johnson Space Center  Plasma Chamber A, t h e  PDP w a s  
u t i l i z e d  t o  measure t h e  state of t h e  ambient plasma and of phenomena 
induced by opera t ion  of t h e  Utah S t a t e  Univers i ty  Fas t  Pulse  Elec t ron  
Gun (FPEG). 
P o t e n t i a l  (VCAF') i nves t iga t ion  on t h e  OSS-1 Mission. On t h e  OSS-1 
Mission, t h e  PDP w i l l  make plasma measurements as i t  is swept through 
t h e  FPEG beam region by t h e  S h u t t l e  R e m o t e  Manipulator System (RMS). 

I n  t h i s  paper, ob jec t ives  of t h e  PDP i n v e s t i g a t i o n s  are s t a t e d ,  
f e a t u r e s  of t h e  PDP systems are descr ibed and measurement character-  
ist ics of the  PDP instruments  are l i s t e d .  Sample r e s u l t s  from t h e  
JSC Plasma Chamber Tests are presented and these  r e s u l t s  are dis-  
cussed i n  t h e  context  of r e s u l t s  obtained, f o r  example, by Bernstein,  
e t  al.  (1978, 1979) and by Jost,  et al. (1980) and of the theory 
developed by Rowland, e t  al. (1980). 

DESCRIPTION OF THE OSS-1 PLASMA DIAGNOSTICS PACKAGE (PDP) 

The FPEG is  an element of t h e  Vehicle Charging and 

Each of t h e  inves t iga t ions  f o r  t h e  S h u t t l e  OSS-1 "Pathf inder"  
Mission and f o r  t h e  Spacelab-2 Missions are descr ibed by Neupert 
(1979) and C l i f t o n  (19781, respec t ive ly .  
i n v e s t i g a t i o n  objec t ives ,  instrument  c h a r a c t e r i s t i c s  and on-orbit 
ope ra t ions  is  given here. 

A b r i e f  summary of the  PDP 

41 9 



420 S. D. SHAWHAN 

Science and Technical Objectives 

For the OSS-1 Mission, the primary scientific and technical 
objectives are as follows and these are depicted in Figure 1: 

Study the Orbiter-magnetoplasma interactions within 15 
meters of the Orbiter through measurement of electric 
and magnetic fields, ionized particle wakes and 
generated waves; 

0 Determine the characteristics of the electron beam 
emitted from the Fast Pulse Electron Gun (FPEC) out to 
a range of 15 meters from the Orbiter and measure the 
resulting beam-plasma interactions in terms of fields, 
waves and particle distribution functions; 

0 Locate and measure sources of fields, electromagnetic 
interference (EMI) and plasma contamination in the 
environment of the Orbiter out to 15 meters; and 

0 Flight-test the systems and procedures associated with 
the Spacelab-2 PDP experiment with particular emphasis 
on operations with the Remote Manipulator System, on 
unlatching and relatching the PDP unit, and on evalua- 
ting the telemetry link. 

The first two objectives utilize the Orbiter for carrying out 
active experiments in the ionosphere. Since the Orbiter itself is 
very large compared to an electron gyroradius, comparable to an ion 
gyroradius, partially conducting and partially insulating, its motion 
through the magnetoplasma will cause a variety of wake effects in- 
cluding density perturbations, currents, wave excitation and particle 
energization. On OSS-1 these wake phenomena are to be studied out to 
the 1Sm extent of the RMS but on Spacelab-2, when the PDP functions as 
an Orbiter subsatellite, the wake region out to lOkm can be explored. 

OSS-1 offers the only Shuttle opportunity before 1985 to perform 
active beam-plasma interaction studies with in-beam diagnostics. 
OSS-1 will carry both the VCAP Fast Pulse Electron Gun and the PDP 
which is articulated through the electron beam by the RMS. The Space 
Experiments With Particle Accelerations (SEPAC) particle injection 
system with some near-beam diagnostics will be flown on Spacelab-1 but 
the PDP is assigned for reflight on Spacelab-2. Only after 1985 with . 
the follow-on Spacelab missions are there plans to fly the SEPAC with 
in-beam and subsatellite diagnostics. The JSC Plasma Chamber test of 
March 1981, described in the next major section, was motivated by the 
desire to obtain more data on beam-plasma interactions, to further 
describe the beam-plasma-discharge (BPD) phenomena (e.g., Rowland, et 
al., 1980) for identification of its occurrence on-orbit and to better 
understand the joint operation of the PDP and VCAP systems. 
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RUSTER PLUME 

Fig. 1. Depiction of s c i e n t i f i c  and t echn ica l  ob jec t ives  f o r  t he  
Plasma Diagnost ics  Package (PDP) on the  S h u t t l e  OSS-1 
Mission. Through a r t i c u l a t i o n  by t h e  Remote Manipulator 
System (RMS), t he  PDP can be used t o  diagnose Orbi ter-  
induced plasma wakes and the  Fas t  Pulse  Elec t ron  Gun- 
i n i  t i a  t ed  e l e c t r o n  beam-plasma phenomena. 

As a s u b s a t e l l i t e  of t he  Spacelab-2 Orbi te r ,  the  PDP w i l l  pene- 

These a c t i v e  plasma dep le t ion  
t ra te  regions of plasma dep le t ion  c rea ted  by scheduled OMS burns 
exhaust ing 100-1000 kg of propel lant .  
experiments of Mendillo and da Rosa ( see  C l i f ton ,  1978) o f f e r  t he  
oppor tuni ty  t o  compare ground-radar g loba l  measurements of t h e  deple- 
t i o n  regions wi th  PDP i n  s i t u  samples t o  a s s e s s  chemical r eac t ion  
rates and a s soc ia t ed  f i e l d s ,  waves and energized plasma. A Recover- 
a b l e  PDP is  being developed t o  cont inue these  s t u d i e s  a f t e r  1985 wi th  
a c t i v e  par t ic le ,  wave, moving body, and chemical pe r tu rba t ions  of the  
i onospheric plasma. 

PDP INSTRUMENT CHARACTERISTICS 

The PDP c a r r i e s  a complement of new and of f l igh t -spare  in s t ru -  
ments from previous NASA programs, t o  provide a comprehensive set of 
f i e l d s ,  waves, thermal plasma and energized plasma measurements. A 
d e t a i l e d  l i s t i n g  of the  measured parameters and the  measurement 
ranges i s  given i n  Table 1 f o r  OSS-1. For Spacelab-2 the  e lectr ic  
f i e l d  d ipole  length  w i l l  be increased t o  4 meters through t h e  use of 
hinged booms. Indica ted  i n  Figure 2 are t h e  loca t ions  of the  apera- 
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Uagne to rce r  

Im Oouble Protm w i t h  
Spher ical  Sensors 

AC !iagnetlc Yaves Searchcoi l  Senaor; 
Wideband Receiver 

b C  E l e c t r i c  F l e l d  

Table 1. PDP Scientific Instruments Performance Specifications 

each ax le  
Temporal Rcaolut ion 
Dynamic Range 

Temporsl Resolucion 20 sampleslrecond 
Frequency Range 

Amplitude Range IOOdb 0.4db reao1ution; 

IO sampleslsecond each axis 
t 2  mV/m LO 2 2  V / m  (average and 

d i f f e r e n t i a l  

5Hz-IkHz b 0.65-10, 10-20. 
20-IOkM 

1s -10o l  

Searchcoi l  Sensor; 
VLC spectrum 
Analyzer (IMP) 

outy cyc le  
Frequency Range 
Frequency Resolut ion t 15% bandwidth 
Amplitude Resolution 

12.8 second. out o f  51.2 sec. 
I6 channels 35.5 HZ L O  L78Mz 

lOOdb @ 0.4dB resolut ion;  
IxIO-~ - l ~ H z - ~ / ~  

AC E l e c t r i c  and In Dipole Antenna 
E l e c t r o a t a r i c  Wideband Receiver 
Waves 

lm Dipole Antenna 
VW Spectrum 
Analyzer (Hel los) 

(peak and average) 
Temporal Resolut ion 
Duty Cycle 
Frequency Range 

Ampllcude Range 

Duty Cycle 18.0 seconds out of 51.2 see. , 
Frequency R8nge 
Frequency Resolut ion 15% bandwidth 
h p l i t u d e  Resolucion 

0.6 sample/second each channel 
12.8 second. out of  51.2 SeC. 
SHz-LkHz, 0.65-LOkHz. LO-~OkHZ 

IOOdb @ 0.4db resolut ion;  
b 20-)OM2 

IuVlm - 300 mV/m 

16 channels-31.2Hz LO 178kHz 

IOOdb @ O.IdB reaolucion' 
1x10-8 - lxIo-3vm-~"z-~)2 
(peak and average) 

Ilemporal Resolut ion 10.6 samplc/second each channel1 

1. Dipole  Antenna. 
U l d  Frequency 
Receiver 

VHF/UHF EM1 Horn Antenna 
Level. WF/UHF Receiver 

S-Band F i e l d  Horn Antenna 
Strength Monitor VHF/UHF Racciver 

Duty Cycle 100% 
Frequency Range 
Frequency Resolution t 10% bandwidth 
Amplltude Resolut ion 70db @ LdB resolution; 

8 channels-31.6Hr t o  17.8 lQlz 

IxIO-] - IO V/m (peak and 
average.) 

160-400, 400-800 HHz 

7Odb @ l db  resolution; 10'' - 

T.mpor.1 Resolucion 1.6 second/8can 
Frequency Range I channels--25-65, 6s-160. 

Froquency Rcsolut ion t 50X 
A i p l l t u d e  Resolut ion 

hmwrsl Resolurion 1.6 reclecan 
Frequency Range 2000-2330 UHr 
Amollrude bn.9 .Ol LO IO V/m (peak L average) 

30 V/m; (peak and avmrage) 

electrons and ions Part ic le.  
r ia l  Energy Energy R e a o l u r i m  

6O x 162" ( 7  detectors 

er eV 
Protons 6-2.108 protons/cm2 see er aV 

T h e m 1  
Llectrone 

T h e m 1  Ion. 

A.bient Preesure 

l e c r r a r e r  ? lux  Range 109 -1014 elect cm-2 see-1 

2x101 -1.107 Ions cm-3 
0-16 eV 

analysis 

L a n w l r  Prok. Dynamic Range 103 -107 a ~ e c r r o n a  cm-3 

i a n g u i r  Prob.. Scale ~ i z e s  
Density Temporal Resolution I second sweep evew 12.8 see. 

Densi ty Irregular DYnamtc Rengm 8Odb @ 5db re.olution; lo2 - LO m t e r a  t o  LOO km 

itie. 108 cm-' 

Ion nees Dynamic Range Z O - Z ~ I O ~  ion. cm-3 

Temporal Reaolution 
Sp8CCrmC8r Ua.4 Range 1-64 AHU @ < LX overlap 

1.6 aecondr for -88 scan 

I o n i z a t i o n  Caunm Pre.sure Rant9 10-1 to 10-3 torr 

ORIGINAL PAGE tS 
OF POOR QtJALfTY 
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t u r e s  f o r  t h e  High Frequency Antenna, t h e  Ion  Mass Spectrometer,  the  
Elec t ron  Fluxmeter, the  Retarding P o t e n t i a l  Analyzer /Dif fe ren t ia l  Ion 
Flux Probe and t h e  Low Energy D i f f e r e n t i a l  Energy Analyzer (LEPEDEA) 
around t h e  spacec ra f t  bel ly .  Also ind ica t ed  a r e  t h e  loca t ions  of t he  
sea rch  c o i l  magnetometer, t h e  AC-DC electric antennas and t h e  Lang- 
muir Probe sensors  which are supported on s h o r t  booms f o r  OSS-1. 
Sample r e s u l t s  from the  JSC Plasma Chamber Tests are presented f o r  
some of these  instruments  i n  t h e  next major sec t ion .  

PDP On-Orbit Operations 

For the  OSS-1 Mission, t he  primary PDP measurements a r e  made 
dur ing  two 6 hour per iods a t tached  t o  the  RMS. The PDP is moved and 
a r t i c u l a t e d  on the  RMS by a series of Automode Sequences which 
spec i fy  a t r a j e c t o r y  of l oca t ions  and t h e  PDP a t t i t u d e  a t  each loca- 
t ion .  These sequences a r e  i n i t i a t e d  by the  crew and the  crew can 
t ake  over manual c o n t r o l  a t  any point.  In  support  of the  FPEG, one 
sequence pos i t i ons  the  PDP above the  FPEG t o  measure any Orbi te r -  

HF 
ANlE"A 

Fig. 2. Location of PDP instrument  ape ra ru res  around t h e  be l ly  and 
of t he  boom-mounted sensors  pro t ruding  above the  top f o r  
oss-1. 
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generated dc magnetic f i e l d s  t h a t  might a f f e c t  t h e  pred ic ted  beam 
t r a j e c t o r y .  Two sequences are set  up t o  sweep t h e  PDP through t h e  
p red ic t ed  beam t r a j e c t o r y  region. The OSS-1 crew w i l l  have a d i sp lay  
of a few parameters from t h e  PDP i n  o rde r  t o  judge which Automode 
Sequence t o  use. However, t h e  bulk of t h e  te lemetry d a t a  i s  tape  
recorded on-board f o r  playback a f t e r  t h e  mission. On Spacelab-2 t h e  
bulk of t h e  d a t a  w i l l  be re layed t o  t h e  Payload Opera tor ' s  Cont ro l  
Center  (POCC) a t  JSC. Therefore, realtime a n a l y s i s  is poss ib l e  by 
t h e  PDP Team as t h e  PDP is operated on t h e  RMS o r  as t h e  O r b i t e r  
moves wi th  r e spec t  t o  t h e  PDP t o  pass  the  wake o r  the  exhaust  plume 
p a s t  t h e  PDP. 

LIQ)IO / N, 

SwRllo \ 

LEVEL3 

i 19.8 M 
l64.9Fl1 

274 M 
I aS.9 Ft I 

U 
zt I 

Fig. 3. Dimensions of JSC Chamber A and t h e  r e l a t i v e  loca t ions  of 

The 
t h e  PDP and FPEG s y s t e m  wi th in  t h e  chamber. The PDP can be 
ro t a t ed ,  moved back and f o r t h  and moved up  and down. 
FPEG can be moved ac ross  t h e  f loor .  
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JSC PLASMA CHAMBER TESTS 

Use of t he  JSC Chamber A f o r  ionospheric-type plasma experiments 
has  been descr ibed by Bernstein,  e t  al .  (1978). This unique f a c i l i t y  
has  dimensions of 17m i n  diameter by 27m i n  height  and the  pressure 
i s  reduced t o  below t o r r  i n  less than 8 hours pumping time. 
Ex te rna l  c o i l s  can be used t o  impose a magnetic f i e l d  up t o  2 gauss 
t o  boost o r  buck the  e a r t h ' s  f i e l d .  As i nd ica t ed  i n  Figure 3, t he  
FPEG and o t h e r  elements of t he  VCAP system were mounted t o  a moveable 
cart on the  chamber f loor .  This  set-up was similar t o  t h a t  of Raitt ,  
e t  al. (1980). A magnetometer mounted t o  .the FPEG was used t o  set  
t h e  beam p i t c h  angle. The PDP w a s  suspended a t  - 15 meters above the  
FPEG with a rope and pul ley system t h a t  allowed f o r  i t  t o  move up/ 
down and i n l o u t  of t he  beam. In  add i t ion ,  i t  was poss ib l e  t o  r o t a t e  
t he  PDP 2 180". 

~ 

Measurements were made with the  PDP under v a r i a t i o n  of a wide 
number of parameters including magnetic f i e l d  0.2-1.5 gauss)  and 
d i r e c t i o n  (up/down) chamber pressure ( 6  x t o  6 x t o r r ) ,  
plasma ( 5  x lo6 c m - l )  o r  no t ,  FPEG p i t c h  angle  (290"), FPEG beam cur- 
r e n t  (0.5-85 m a ) ,  PDP l o c a t i o n  with r e spec t  t o  the  beam and PDP r o l l  
angle. Some sample r e s u l t s  regarding f luxes ,  f i e l d s ,  wave ampli- 
tudes,  and p a r t i c l e  energy s p e c t r a  under BPD and non-BPD condi t ions 
and the  v a r i a t i o n  of these  parameters with d i s t ance  from t h e  beam are 
presented i n  t h e  next sec t ions .  

Non-BPD vs BPD C h a r a c t e r i s t i c s  

The da ta  of Bernstein,  e t  al. (1978, 1979) and t h e  theory of 
Rowland, e t  al. (1980) give a r e l a t i o n  f o r  t h e  c r i t i ca l  cu r ren t  IC 
f o r  onset  of t he  beam-plasma-discharge: 

1, > 150 Eb(keV)lo8 U(km/s )/(P(p torr)L(cm).) 

For parameters of Eb = 1, U = 1, P = 6 and L = 2000, IC > 12.5 ma. 
The beam-plasma-discharge was recognized t o  occur f o r  beam c u r r e n t s  
between 15 and 20 m a  depending on the  p i t c h  angle. 
acterist ics between non-BPD and BPD are i l l u s t r a t e d  i n  Figures  4 and 
5. For t h i s  case B = 1.2 gauss, t he  p i t c h  angle  is  30' and the  gun 
c u r r e n t  starts a t  16.5 ma r i s i n g  t o  17.5 m a  a t  the  end of a 26 second 
gun pulse. I n  the  last 4 seconds the  BPD i s  i g n i t e d  apparent ly  due 
t o  t h e  inc reas ing  plasma dens i ty  i n  t h e  beam. 
t h e  e l e c t r o n  spectrum d i d  not  change s i g n i f i c a n t l y  (except below 10 
e V  which may be a charging e f f e c t )  f o r  t h i s  d e t e c t o r  look angle  (per- 
pendicular  t o  B) but  t he  i o n  f l u x  increased dramatical ly  by more than 
a n  o rde r  of magnitude and increased i n  average energy with a broad 
peak between 10 eV and 250 eV. Electric f i e l d  emissions below 10 kHz 
have i n t e n s i t i e s  of up t o  1 V/m when t h e  beam is on but gene ra l ly  
decrease a f t e r  onset  of BPD. 
t h e  gyrofrequency, i n t e n s i t i e s  are g r e a t e r  by 5-15 dB a f t e r  BPD onset.  

D i s t i n c t i v e  char- 

As shown i n  Figure 4 ,  

Between the  lower hybrid frequency and 
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Fig. 4 .  Energet ic  ion  and e l e c t r o n  f luxes  under non-BPD and BPD con- 
d i t i ons .  Note t h a t  t he  e l e c t r o n  energy d i s t r i b u t i o n  changes 
very l i t t l e  except a t  low energies ,  whereas the  ion  f l u x  
i n c r e a s e  by an order  of magnitude and becomes more energet ic .  
The ion  enhancement between 10 and 100 e V  c o r r e l a t e s  with 
i o n i z a t i o n  po ten t i a l s .  
w i th  a cu r ren t  of 16 ma f o r  non-BPD and 17.5 m a  f o r  BPD a t  a 
30" p i t c h  angle and B = 1.2 gauss. 

The primary e l e c t r o n  beam was 1 keV 

I I I 1 I I I I 

1 

Fig. 5. Electric f i e l d  i n t e n s i t i e s  f o r  wave emissions under non-BPD 
and BPD condi t ions with same plasma and FPEG parameters as i n  
Fig. 4 .  
frequency (- 15 Wz) and a t  t he  plasma frequency (- 10 MHz). 
I n t e n s i t i e s  range up t o  1 voltlm. 

Note the  enhanced emission above the  lower hybrid 
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There is  a l s o  a 20 dB enhancement near  t he  plasma frequency t o  f i e l d s  
of - .1 V / m  during BPD. 

Also noted under these  c r i t i c a l  cu r ren t  condi t ions  was the  1-5 Hz 
o s c i l l a t o r y  behavior of the  plasma which i s  probably the  same f l i c k e r -  
i n g  phenomena reported by Bernstein,  e t  a l .  (1978) and J o s t ,  e t  a l .  
(1980). This occurred only before  BPD onset.  Order of magnitude var- 
i a t i o n s  were observed i n  t h e  Langmuir Probe cu r ren t  and i n  the  elec- 
t r o n  f lux ;  - 1 V/m e lec t r ic  f i e l d  f l u c t u a t i o n s  were measured and the  
e n e r g e t i c  p a r t i c l e  spec t r a  were modulated. Visual ly ,  i t  appeared a s  
i f  s ec t ions  of t he  plasma column were t o r n  loose and dr iven  perpendi- 
c u l a r  t o  the  magnetic f i e l d  l i n e s  t o  the  chamber w a l l s .  

S p a t i a l  Var ia t ion  of Parameters 

S p a t i a l  v a r i a t i o n s  f o r  t he  t o t a l  e l e c t r o n  upward f l u x  and f o r  the  
dc e lec t r ic  f i e l d  perpendicular  t o  the  downward magnetic f i e l d  of 1.18 
gauss  a r e  shown i n  Figure 6 f o r  an 80 ma, 80" p i t c h  angle  beam. Two 
paral le l  e lec t r ic  f i e l d  va lues  are a l s o  indicated.  The upward f l u x  i s  
minimum i n  t h e  region of one gyroradius  where t h e  primary beam elec- 
t rons  a r e  perpendicular  t o  and seems t o  go t o  ze ro  near  t he  chamber 
w a l l s .  Di rec t ions  of the  perpendicular  E-f ie ld  i n d i c a t e  an excess  of 
p o s i t i v e  charge i n s i d e  of one gyroradius  (beam cen te r )  and an excess 

B = 1.18G 80' PITCH 80MA 
I I 

/ 

i4 
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7 1E.I Y 

DISTANCE FROM BEAM 

Fig. 6. Var ia t ion  of t he  e n e r g e t i c  e l e c t r o n  f l u x  and t h e  DC e lec t r ic  
f i e l d  wi th  d i s t ance  from t h e  e l e c t r o n  beam center .  A 1 keV, 
80 ma beam w a s  i n j e c t e d  I n t o  a 1.18 gauss  f i e l d  a t  an 80" 
p i t c h  angle. Note t h a t  t h e r e  is  a s i g n i f i c a n t  e l e c t r o n  f l u x  
ou t s ide  of t he  i l lumina ted  column (1  gyroradius)  and t h a t  
t h e  e lectr ic  f i e l d  perpendicular  t o  B r eve r ses  twice near  
0.6 meters. 
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of nega t ive  charge outs ide.  
1.2 meters ( 2  gy ro rad i i )  i n d i c a t e s  t h a t  upward going e l e c t r o n s  are 
being decelerated.  
gyroradius  then decreases by 20 dB a t  two gyroradi i .  

The upward d i r e c t e d  f i e l d  component a t  

The 10 MHz plasma frequency emission peaks a t  one 

Discussion 

The e n e r g e t i c  e l e c t r o n  spectrum r e s u l t s  and t h e  e lec t r ic  f i e l d  
wave emission r e s u l t s  are c o n s i s t e n t  wi th  those of Bernstein,  e t  al .  
(1978, 1979), J o s t ,  e t  al. (1980) and others .  Unique t o  t h i s  experi-  
ment w i th  t h e  PDP are t h e  measurements of t h e  e n e r g e t i c  i on  spec t r a ,  
t h e  e l e c t r o n  f l u x ,  t h e  dc e lec t r ic  f i e l d  and t h e  ion composition of 
t h e  chamber which are y e t  t o  be processed and i n t e r p r e t e d  f o r  t he  
many cases  ava i lab le .  The PDP is l imi t ed  t o  a temporal r e s o l u t i o n  of . - 1.6 seconds so t h a t  onset  c h a r a c t e r i s t i c s  cannot be determined. 
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DISCUSSION 

Szuszczewicz: 
energized ions (25 eV or greater) compared with their 
thermal counterparts? 

Shawhan: 
and for 100 eV ions (NO+) the velocity is lo6 cm/sec so 
the net density is greater than 100 cm-3 which is very 
small compared to the 105-107 cm'3 "ambient" densities. 

What were the relat'ive populations of 

The ion flux was about lo8 ions/cm2 sec eV str 

Szuszczewicz: If your DC electric field measurement per- 
pendicular to the magnetic field (or perpendicular to the 
beam axis) is a standard differential floating potential 
measurement, then there appears to be a distinct possi- 
bility that the results could be in substantial error if 
the sensors are in different plasma environments. Our 
own results have shown significant variations in plasma- 
electron energy populations over short perpendicular 
distances (1-2 meters) (e g change from a single compo- 
nent "cold" Maxwellian distribution to a two-component 
plasma-electron population with a high energy component) 
that result in a much greater change in floating poten- 
tial than in the local plasma potential. Sensors im- 
mersed in these t w o  environments would therefore measure 
potential changes which suggest a higher field than 
actually exists. Could you comment on this potential 
problem? 

Shawhan: That condition is possible. We do have a 
Langmuir probe that extends to the same radius as that 
of the spheres so that as the PDP is rotated the plasma 
state at each sphere location can be determined. 
Probably we cannot correct the electric field measure- 
ment but we can know if it is not valid. 
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physical conditions that led to the 

latitudes1. 
Science on the Space Shuttle formation of the aurorae, seen at high 

The Vehicle Charging and Potential 
Experiment is the first opportunity to make 
vehick charging and beam studies 
from a manned spacecraft. In the first 

W.M. Neupcrt, P.M. Banks, G.E. Brueckner, E.G. Chipman, J. C o w l s ,  
J.A.M McDonnell. R. Novick, S. Ollendorf, S.D. Shawhan, J.J. Triolo & 
J.L. Weinbeg 

THE third flight of the Space Shuttle. 
chiefly intended to test the orbiting portion 
of the Shuttle in extreme thermal 
conditions in space, nevertheless carries a 
scientific payload. The investigadons will 
demonstrate the Shuttle's capability for 
research in space plasma physics. solar 
physics, astronomy, life sciences and 
technology and will also determine the 
effects that the presence of theorbiter may 
have on its immediate environment. The 
information to be gathered is thus the 
foundation for planning of future 
investigations with the Space Shuttle. 

The scientific pavload is designated 
OSS-I because the programme was 
originally managed by the Office of Space 
Science (now the Office of Space Science 
and Applications) at NASA headquarters. 
Responsibility for development of the 
payload was assigned IO the Goddard 
Space Flight Center. The manager for the 
scientific payload is Kenneth Kissin. The 
OSS-I instruments will studv the Orbiter's 
plasma environment and the propagation 
of an electron beam in space, record the 
Sun's U V  and X-ray fluxes, observe the 
zodiacal light and Milky Way, record 
interplanetary dust particle impacts. 
operate a sophisticated heat pipe system 
and also grow plants in the Orbiter's cabin. 
Demonstrating tt.e Orbiter's research 
capability demands accurate control of the 
Orbiter's orientation during solar 
observations and use of a Remote 
Manipulator System to carry a package of 
sensors chat will map charged particle and 

~~ 

U m 7  NCUWI IS O S 1  M i u m  Scimliri a d  H d  of ihc 
Solar Plum" EItanch. Labornlory for Astronomy ana 
%la1 P h w a .  81 NASA Godd8rd S p u r  Flight Center. 
Crrrnbcll. Marvland: Prier Wnkr. Prunop.1 Inwst8,aior 
of the VChicle Chugmi and Polcnnal Expnmcnt. IS 

Ad)unct Profnior Phyws at U18h S a t e  Un~enbly. 
Lop". Ulah. and Proinlor Of E lR lnu l  En i imnng at 
Sianlord Unwrtwy. Stanlord. Cdblornia: tiucnier 
Brucckner. PnnClMI Inmllgalor 01 Ihc Solar Ullravlolrl 
Irradmner Monnor. IS He.d of the Solar Phyrlu Branch 81 
Lhc Naval Rnarch  Laborwow. Wultmilon MI. Eric 
C h i p a n  IS Proflam Smnilsl for Ihe 0SS.l momon ai 
NASA n=.dqwan. wuniniion MI: foc cork,. 
Princioal Inrnct~aior of the Plmc Lnsni(c81son 
Exprimmi IS Proinlor of Blotow. U n i r m w  of Hwsion. 
Hnurion. Teras: J.A.M MrOonnell IS Prsnc8pal 
lnrnlrplor of I h i  Microlod A b r u m  Exprmcnl a d  
Re.der m S p r r  rCl- 81 Ihe Unormily of Kent. 
Canterbury. UK: R o b n l  Noruk. Principal Inml~(.Iw of 

Columbu Untrcrriiy. New Ywk: Stanford Ollcndwf. 
Pnrmp.1 Inmugalor ofthc Thermal Canam Paanment 
IS h a .  spcmaii  ComDami ~ k r e i w m t  ana AIUIW~ 
Sccuon. Goddud S p u r  Flighl Ccnm: S i a n h  Shawhan. 
PnnctIyI lnraiipior of ihe Plum8 Ongmttcs Packase. 
1% Prolnror of Phrncr. Unovenllv of Iowa. lor. Caw. 
101.: Jack Triolo. Pnncipl lnvnlog8lw of IhC Con. 
taminition Monitor Packase IS an the Soac~craf i  
Component D c v c l ~ m i  and ANIYSII Sccmn. ciadd.,d 
ZPUC Fliihr Cmter. Grrrnbdl. Maryland. and 1 L 
Weinberg. PrmC1M.l lnr~ItC.tO1 O( lhe Shuttle SMcehb 
Induced AlrnwphCrer Expr8menl. 1s Rnearch Suentlr! 
and Dlreclor of IhC Space Aslronorny Laboralory at Ihc 
Lnlrerrllv Of Florida. Gamnbdlc. Florida. 

the S d U  FIUe X-ray POhmnUff. 4% Proinror 01 Physics. 

magnetic and electric field distributions 
around the vehicle. 

The same instruments will make 
sensitive measurements of how the Orbiter 
alters its environments by the emission of 
particles or electromagnetic fields. 
Although the spacecraft has been designed 
to minimize such effects some, such as 
propellant pluma from thruster engine 
firings or electromagnetic radiation from 
the electrical circuits. are unavoidable. 

instance, measurements will be made of 
the effect of the natural ionospheric 
environment on the gross electrical 
characteristics of the Orbiter using two 
pairs of charge and current probes, 
situated on opposite corners of the pallet, 
which simulate both the electrically 
insulating and conducting portions of the 
Orbiter's surface. and with a Langmuir 
Probe-Spherical Retarding Potential 
Analyser located on the sill of the pallet. 

Active electron emissions will be used IO 
change the natural electrical balance to 

The nine instrument packages on the third Shuttle flight should yield important 
data for space plasma physicists, astronomers. life scientists and engineers 
and also pave the way for future scientific payloads. 

All but one of the OSS-I instruments are 
mounted on an engineering model of the 
Spacelab pallet manufactured by the 
European Space Agency (Fig. 1). The 
instruments, pallet and the various 
subsystems for command, data handling, 
power and thermal control weigh 3.132 kg. 
The Plant Lignification Experiment is 
located in mid-deck lockers of the Orbiter 
cabin and two OSS-I tape recorders and 
two control panels are located in the aft 
flight deck on the upper level of the cabin. 
Most internal experiment operations will 
be carried out via commands from the 
investigators located at the Payload 
Operations Control Center at Johnson 
Space Center in Houston, Texas. 

On the third Shuttle flight, scheduled for 
late March, the Orbiter will be placed in a 
circular orbit of 241 km with an inclination 
of 38". During the seven-day flight, the 
Orbiter will be held in several attitudes as 
part of the mission's thermal test ob- 
jectives. The 28-hour long orientation of 
the Orbiter bay towards the Sun is suitable 
for solar observations. The planned 
80-hour long period when the Orbiter will 
be maintained with its nose towards the 
Sun is a prime observing interval for the 
plasma physics investigations. 

The nine experiments will now be 
described separately. 

Electromagnetic environment 
During the next decade. activeelectronand 
ion beam experiments in space will become 
an important tool for probing the 
environment above the Ear th ' s  
atmosphere. This region contains plasma 
and magnetic fields of both solar and 
terrestrial origin. Hitherto, actively 
controlled charged particle experiments 
carried by rockets and unmanned satellites 
have been used toprobethestructureofthe 
Earth's magnetic field and to create the 

determine how acharged Orbiter will affect 
electron beam and direct plasma 
measurements. The electron source (the 
Fast Pulse Electron Generator) emits a 
100-mA beam of nearly monoenergetic I 
keV electrons. Pulses as short as 600 ns or 
as long as 109 s can be generated (Fig. 24. 

The Fast Pulse Electron Generator will 
also be used to investigate the effectiveness 

O b w  energy proton 8.d +keuoll diffmali8i.l 
energy alulysn 
Nonthermal electron and ion energy spectra and 
pitch anglc distributions for particle encrgics 
between 2 and 50 keV 
0A.c. mmgmrtic wive sad coil s c w r  
Magnetic fields with a frequency range of 10-30 
kHz 
OToUl energea electron fluxmcier 
Electron fluxes between IO9 and IO1' electrons 
cm" 5-1 
0A.c. electric and cketmulk wave analysm 
Electric fields with a frequency range of 

S-band field strength meter 
0D.c. dcctrorulk dwbk prok witb spherical 
wnon 
Electric fields in one axis from 2 m V  m-l to 
2 V m-I 
0D.c. 1rbXi.l fluxgate tmgmetometcr 
Magnetic fields from 12 mG to I .S G 
~Laugmnir prok  
Thermal electron densities between 10' and IO7 
cm-' 
Density irregularities with 10 m-IO km scale size 
.Retarding potemUal aulysn/Dlffercatial 
V C l o c l t y  p rok  
Ion number density from Id to IO' cm-I 
Energy distribution function below 16 eV 
Directed ion velocities up to 15 km s-' 
.loa mass spetronwccr 
Mass ranger of 1-64 AMU 
Ion densities from 20 to 2 x IO7 ions cm-I 
0Pmrurc gauge 
Ambient pressure from IO-' to IO-' torr 

10 Hz-l GHZ 



ORIGINAL PAGE IS 
OF POOR QUALITY 
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ot generating electromagnetic radiation b\ ot the Remote \lanipulator 5v\tem and to 
pulsing the electron beam at trequencies az cam! out actibe beam-plasma c~perimcnt\ 
high as I SIHz. Se\eral ground-based i n  LonJunction with the Faai  Pul\c Electron 
observatories \vi11 attempt to receive [hi\ henerator. hlcasurementc w i l l  be made ot 
radiation. Of particular interest is  the clectric and magnetic fields. p lama ~ v a ~ c b .  
exteni t o  which VLF radiation can be cnergctic ion5 and clectrone and plasma 
generated using special electron beam parameters - density. compo>ition. 
modulation sequences. Detection wi l l  he iemperaturc and directed \eloci iv I\ec 
attempted both ar ground observarories Tahk 11.  
and with VLF receivers aboard the recently The Plasnia Diagnostics Package wi l l  be 
launched Dynamics Explorer satellites. operated both on the OSS-I pallet and 

Evidence wi l l  also be sought for a whilecleploved by the Remote %lanipularor 
laboratorv phenomenon termed beam- Svstem. .As the Plasma Diagnostics 
plasma discharge. in which an electron Package is moved in and around the 
beam energizes a plasma column which Orbiter bay. measurements will be made o f  
[hen emits intense optical radiation and the ambient pressure and of the spectrum 
radio waves (Fig. 2ul. I t  is thocght that the of electromagnetic interference generated 
electron beam initiallv ionizes residual gas. by the Orbiter's electrical subrysrems. The 
producing a columnar plasma. As the pressure profiles in time and in distance 
plasma densitv builds up. the beam creates from the Orbiter are relevant ior  the design 
electro$tatic plasma waves which impart o f  instruments sensitive to eascous 
additional energy io the plasma, leading to contamination and those requiring Ion 
turiher ioniLatioi1 and excitation and operating pressure3. The sensitit it! 01 
causing the column to emit optical and wave receivers and ot topside ionospheric 
radio uabes. In Earth-orbit. the different counders to be tlown on future Spacelab\ 
conditions may mean that beam plasma will be determined by the letels now 
discharge doe, not occur - the gas density measured. while measurements 01 electric 
IS iesa. the beam is not terminated by the field\ and particle\ by the Plasnia 
metallic top ot a chamber and the Orbiter Diagnostics Package w i l l  probide an 
mote5 rhe beam across magnetic field lines independent assessment ot the charge 
eo that plasma may not build up. The conditionof theOrbircr. 
Vc h i c  I C  C h a r g i n g  a n d  P o i  en t i a l  The Orbirer will mo\e in f he ionosphere. 
€uperimcnt w i l l  be used with the Plasma at cupersonic velocitv (Mach number 6 
Diagnostics Package to tel! whether beam relative to the characteristic plasma sound 
plasma diacharge is initiated by the beam speed or the ion acoustic sound <peedL) and 
lrom the orbiting electron generator (Fig. eo will create a plasma wake that may be 
X I .  i d e n t i l i c d  b! plasma depletion. 

cnereizaiion oi particles and the creation 
lonosphere studies of Alt\en waves behind the Orbiter. Such 
The Earth'> ionobphere can be brudied bv processes arc ihouehr io be important 
introducing perturbations such as Lhemical consequcnces 01 ihe motion o1 other 
tracers. radio wa\esand particlc beams and bodies through plasmas - tor example. 
b creating plasma wakes around \ol:d -\lf\en wabes behind the iwian moon Io 
btidic.5. The objccti\o of the Plasma ma) accelcrare the particles uli ich cause 
Uiagno\tieb Package. an assembh 0 1  decametric radio noise burr[\. . Remote 
elcc'troniagnetic and particle scnbori. are to hlanipul8ror System traiecrories habe bwn 
r l s \ c b i  the electromagnetic and plabma designed to move the Plasma Diagnowcs 
cn\ironment 01 the Orbirer. 10 \tud\ the Package through the wake boundan. thuy 
intcraction 0 1  i h e  \chicle \ \ i th  the  p ro \ i d i i i e  direct obser\at ion\  ot IL, 

.urrounding plasma. to test thecapabilitic\ Ph\\ical properties. N hen the package 
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take place at altitudes from 30 to 160 km in 
the Earth's atmosphere. Ozone is formed 
from molecular and atomic oxygen by a 
catalytic reaction which involves trace 
species such as NO, NO, or  CI. 
Quantitative description of these reactions 
requires precise knowledge of the absolute 
amount of solar UV radiation as a function 
of wavelength. Although many attempts 
have been made to measure this quantity, 
large experimental discrepancies still exisP 
(Fig. 3). The objective of this first flight of 
the Solar Ultraviolet Spectral Irradiance 
Monitor experiment is to establish a more 
accurate base of solar U V  irradiance 
measurements with an absolute error of IO 
per cent or less over the wavelength region 
1203U)Onm. DuringtheSTS-3 flight, i t  will 
accumulate approximately 20 hours of solar 
measurements. compared with 5 minutes 
dunng a typical sounding rocket flight. 

Calibration is important. The in- 
strument carries t w o  independent 
spectrometers and an in-flight calibration 
light source which allows tracking of any 
scnsitivitv change due to \ibration at l i f t -  
off or contamination during flight. Its 
seven detectors will allow cross-checks of 
possible detector changes. It can be 
operated in broadband ( 5  nm) or narrow 
band (0. I5 nm) modes over the wavelength 
region 120-400 nm. During 17 orbits 
amounting to approximately 28 hours. the 
bay of theorbiter will be pointed to theSun 
by the crew. using Sun sensors mounted on 
the Solar Ultraviolet Irradiance Monitor 
and measurements of solar intensities will 
be interleaved with periodic in-flight 
calibrations' . 

The measurement of the solar U V  
irradiance on OSS-I is only the first step of 
a programme to measure the variability of 
the solar U V  radiation over an 11-year 
solar cycle. This Variability has been 
estimated to be less than 20 per cent in the 
170-210 nm region and less than 2 per cent 
in the 210-300 nm regions, and Fig. 3 
shows that a decisive improvement of 
accuracy is needed i f  the Sun's U V  
kariability is to be determined. 

. 

Solar flares 
Although it is known that there are high- 
energy electrons in the Sun's atmosphere 
during solar flares, fundamental questions 
remain about the nature and location of the 

mechanisms by which the electrons are 
energized and their energy dissipated. It is, 
however, believed that a flux of magnetic 
energy from the solar interior provides the 
energy for thee events, and that inter- 
actions of the accelerated particles with the 
Sun's atmosphere dissipate this energy, 
leading to observable flare phenomena 
including X-ray emission. Similar bursts of 
energy observed by the Einstein 
Observatory from other stellar objects 
have established that flares are relatively 
common. Hard X rays emitted during 
flares carry unique information about the 
motion of the electrons producing the 
radiationY. A definitive observation of the 
state of polarization of the radiation could 
provide important data to test theoretical 
models of the flare phenomenon. 

The Solar Flare X-ray Polarimeter on 
OSS-I aims to observe flare X rays emit led 
between 5 and 30 keV and to measure their 
polarization as a function of time and 
photon energy. The instrument uses blocks 
of metallic lithium surrounded by xenon- 
filled proportional counters as detectors. I f  
polarized, the incident X rays will be 
scattered preferentially by the lithium into 
directions normal to the plane of the 
electric vector of the incoming radiation. 
To avoid instrumental effects that have 
plagued previous measurements, the 
instrument uses three independent sets of 
scattering blocks and detectors. with each 
unit rotated by 120" with respect IO the 
other two about a line passing through the 
Sun. A minimum of two units is necessary 
to determine the magnitude and 
orientation .of polarization; the use of a 
third provides redundancy and increased 
effective areal". 

The instrument will be aimed at the Sun 
by orienring the entire bay 0 1  the Orbiter 
and it is planned to maintain the Orbiter in 
this orientation lor approximately 28 
hours. Solar flares occur only sporadicall) 
on the Sun. so that the observation of fiarc 
emission is not assured. However. the 
instrument has sufficient sensitivity that 
even a small event can yield a usable signal. 
Such events can be expected to occur about 
once a day on average. 

Zodiacal light 
The zodiacal light arises from sunlighr 
scattered or absorbed by interplanetary 
dust particles, the characteristics of which 

.-- , 
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F i R .  4 Measuremen[\ of near-Farth 
microparticle IIuxes b\ various technique\ W 
impact plasma sensors: x . capacitor discharec 
sensors: 0 recovered surtace examination. 
perforation o i  pressurized cylinders: cla\hL." 
lines. models derived from microphone bcnhor. 
The area io the upper right of the hr'ab\ dashd 
line i s  the sampling regime of the Microahra\ivii 
Foil Experiment on OSS-I. The curnulatnc 
particle nux  is the flux of particles abmc 2 

specific mass. Adapted from ref. 1.1 

will nrnvide obrervatinnc in dcierminL 
more preciselv the position ot maxirnuni 
concentration of interplanetary dust and 
will search for evidenceof different particlc 
characteristics for dust near the Sun. 

Although astronomical observations 
from space avoid the effects of the Earth's 
atmosphere, the observing platform 
releases particulates which may form a 
local contaminant cloud that will also 
scatter sunlight into the detector. The 
presence of such an induced atmosphere 
can be established by comparing ob- 
servations made when the spacecraft is in 
sunliphi and in the Earth's shadou. The 
photopolarimeter system on OSS-I  ill 
measure the light scattered from an). local 
cloud ot' particulates and will record rhc 
brigntness. polarization. colour anJ 
angular dependence of the diffuse astrono- 
mical background (zodiacal light and bacb- 
sround starlight) at kisual ana near I R  
wavelengths. 

The instrumentation to be used is thc 
spare unit of the Skylab SO:; 
photopolarimeter and bore-sighted 16 mrn 
camera. The system. which includes an 
optical train. optical filters for I O  
wavelength bands between 400 and 820 
nm, a polarization analyser. a brightness 
calibraiion source and a photoelectric 
sensor, can carry out observing sequences 
according to pre-programmed routines. 
Although the instrument was operated on 
Skylab, difficulties with the airloch 
precluded observations closer than 80" 10 
the Sun. A new gimbal mount has been 
designed for this mission, allowing the 
instruments to be scanned in a vertical 
plane running fore and aft along the 
Orbiter axis. The instrument will view the 
entire sky between 20" and 120" from the 
Sun. Limited observations will also be 
possible at larger angles. 

have.betn partly defined by rockets and 

Observations of colour. polarization and 
annular deDendence are  needed to 

Fig. 3 Recent meP"'emenu of solar uv unmanned Earrh-orbi[ing 1 .  
irradiance in the spectral region beiween 17Oand 

200 nm (after ref. 6). 

i determine -dust particle size and 
cornpositioniz. Unfortunately, accurate 
data are scarce. Thus. polarization results 
at different wavelengths are often 
combined. There are some observations of 
brightness. but few of polarization and 
colour in regions off the ecliptic. closer 
than 30" to the Sun and near the anti-solar 

170 1 eo 190 200 information on the dust. The Shuttle 
Spacelab induced Atmosphere Experiment 
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Interplanetary dust 
Direct sampling of interplanetary 
particulate matter has been carried out 
from balloons, U-2 airplanes, rockets, 
Earth-orbiting spacecraftI3. Remote 
measurements have been made with 
sensors in Earth orbit and interplanetary 
space1'. Even impact craters in lunar 
samples have provided valuable in- 
formation. A wide range of particle 
masses, down to IOiJg have been observed, 
with thecumulative particle flux increasing 
strongly with decreasing mass (Fig. 4). 
While comets are thought to be the most 
likelv source of interplanetary dust, direct 
measurement of particle composition 
could discriminate between cometary and 
asteroidal sources for the dust. 

The Microabrasion Foil Experiment 
aims to measure the high velocity 
niicroparticle flux in near-Earth orbit, for 
particle masses greater than 10-l:g, to 
inkwigate the density distributions of the 
impacting particles and to study their 
chemical properties by analysis of residues 
remaining in the impact craters. The 
tensor, attached to the thermal blanket on 
top of  the thermal canister experiment, 
consists of approximately I m2 of 5~ 
thick aluminium foil bonded toagoldKoated 
brass support mesh bonded to a Kapton 
sheet to form a double layer detector. 

Diffcring types of impacts may be re- 
curdcd. A particle of mass < 10-4zg will 
lorm a hypervelocity impact crater on the 
toil surface. without penetrating the foil. 
More massive particles will penetrate the 
toil forming a characteristic 'penetration 
profilc'. dependent on the particle's 
incident velocity. Particles penetrating the 
foil may survive intact to produce a single 
impact crater on the rear Kapton sheet, or 
the particle may split into fragments and 
produce a corresponding number of im- 
pact craters on the sheet. Low density 
" f l u f f y "  particles readily fragment 

whereas high density iron or  stony 
micrometeorites survive almost intact. 

Unlike the other experiments, the 
Microabrasion Foil Experiment is passive. 
Post-flight measurements of the craters 
with scanning electron microscopy and 
energy dispersive X-ray microprobe 
analysis of residues will provide infor- 
mation on elemental composition, density 
and shape, and thus on the origin of these 
particles. 

Plant lignification 
Although few plants have been grown in 
space. Russian experiments have demon- 
strated that near-zero gravity disorients 
root and shoot growth. enhances. plant 
rensitivity to substrate moisture conditions 
and gencrally results in a high mortality 
rate. Howe\er, little is known about the 
phvsiological changes that occur. Under- 
standing of gravity's effects on plant 
growth and metabolism will provide an 
insight into plant physiology and aid 
dcvclopment of an effective biological life 
support syctrm. 

After cellulose. lignin is the most 
abundant carbon compound in plants and 
provides both their strength and form. As 
gravity is bttlievcd to be a primary 
controlling rttmulus for lignification the 
Plant Lignification Experiment will 
cvaluate how near zero gravity affects the 
quantity and rate of lignin formation in 
different plant species during early stages 
of dcvclopment. 

Of the major groups of higher plants the 
gymnosperms will be represented by slash 
pine, the monocotvledonous angiosperm 
by oat. and the dicotyledonous angiosperm 
by the mung bean. All are compact species 
that may be grown in the limited space and 
relatively low light levels provided by the 
compact flight Plant Growth Unit. Oat and 
mung bean seeds and young pine seedlings 
will be planted in the growth chambers (Fig 

Fig. 5 View of a growth chamber. one of six used in ihe Plant Growth Uni t  of the Plant 
Lignification Experiment. 
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5 )  before launch so that most seedling 
development will take place in a weightless 
environment. Electronics for controlling 
and monitoring temperature and light 
cycles are incorporated into the Plant 
Growth Unit. At the latest convenient time 
(about 7 hours before launch) the unit will 
be carried on board and installed in a mid- 
deck locker of the Orbiter cabin, where it 
will remain throughout the flight. 
On landing, the Plant Growth Unit will 

immediately be removed from the Shuttle, 
the plants photographed. and the gaseous 
atmosphere of the plant chambers 
analysed. The seedlings will then be 
removed and analysed for lignin content. 

Control experiments, with the plants 
growing in a I-g environment. will be 
conducted after the flight using the flight 
hardware and flight environmental data. 
Lignin data from the flight and control 
plants will be compared for patterns of 
lignin deposition to assess whether lignin is 
reduced in planlr grown in zero gravity. 

Because the reduced flight time of the 
previous Orbiter flight prevented 
completion of the Hef lex  (plant) 
Bioengineering Test that it carried, this 
experiment has been added to the current 
flight and is also carriedi6 in the Orbiter 
cabin.The test is being conducted 
specifically to determine the optimal soil 
moisture conditions for germination and 
growth of the sunflower Helianrhus annus 
in near zero gravity. It is a prelude to a plant 
growth experiment to be conducted on the 
first Spacelab mission to be flown on the 
Shuttle in 1983. 

Thermal canister 
The long-term use of Space Shuttle means 
that many scientific and technical 
investigations can be performed in the 
Orbiter bay. However, theextreme thermal 
environmental conditions ranging from 
equivalent sink temperatures of + I0o"C in 
full Sun. to -I0o"C, in shadow may cause 
problems. In the past such conditions were 
accommodated using coatings, insulation 
and heaters. With the Shuttle, an 
instrument designed for one set of 
conditions rnav have to survive in an 
entirelv different environment if  flown 
again with different orbit attitudes. li a 
thermal enclosure were provided which 
decoupled instruments from the wide 
extremes in external tempeature whilst 
maintaining them in a benignenvironment, 
simpler thermal designs for instruments. 
with limited maintenance between flights, 
might be realized. 

To this end the Thermal Canister Ex- 
periment aims to determine whether a 
device using controllable heat pipes could 
maintain simulated instruments at several 
selectable temperature levels in 7cro 
gravity. and under widely varying internal 
and external thermal loads. I t  is hoped to 
demonstrate 23°C temperature stability 
at various control points in the canister 
while dissipating up to 400 W in cold 
Orbiter attitudes (bay away from the Sun) 



Longitudinal Fixed 
Conductance 

Radiatrvely Coupled 
Instrument Simulator 

Controller. 
Data Acquisition 

and Command System 
Fig. 6 Cutaway view of the Thermal Canister Experiment showing controllable heat pipes. In  
flight conditions. the lower hall 01 the unit is covered with multi-layer insulaiion to pro$ idc. a 

mcasure of isolation lrom temperature extremes in the Orbiter bay 
and 100 W hot (bay towards thc Sun) driven controller. The scnsors are attached 
conditions. to thc canister sidc walls or on simuiated 

The Thermal Canister Experiment (Fig. instruments located in two different zones 
6) consists of a rectangular enclosure 3m separatcd by an insulating barrier. The 
high x Im long x Im wide with its alumi- simulators are either radiativelv or 
num sides equalized in temperature by a conductively coupled to the canister walls. 
system of longitudinal fixed Conductance During the mission, i t  is planned io: ( 1 ) 
heat pipes. Thesc heat pipes collect the operate the canister over set points 
thermal energy disstpated internally by (5-ZS"C) located on the walls and on the 
clectrical hcaters simulating instruments in simulators themselves; (2) change the 
operation and the energy absorbed from internal dissipation (in thesirnulators); and 
direct and reflected sunlight. This heat is (3 ) demonstrate control in maintaining the 
then conducted to vartable conductance two zones at differing temperatures. The 
heat pipes mounted IO cxternal radiators at system can be operated by a proportional 
the upper end of thecanister and radiated controller maintaining a specific 
to space. The heat pipes are long narrow temperature at one sensor, or by a 
closed chambers with internal capillary microprocessor that uses all available data 
wicking which provides pumping action. to maintain the overall temperature of the 
The wick is saturated with a volarile liquid canister ai some level. in balance with the 
(ammonia) in equilibrium with its vapour. environment. irrespective of the 
Heat transport is established by applying preselected set point. 
heal at one end (the 'evaporator) and 
prokiding cooling at the othcr end (the Contamination monitoring 
condenser)with the heat beingtrasferredas Payloads operating in the bav of thc 
latent heat of vaporization. The flow path Orbiter will be exposed IO a variable 
iscompleted bv capillarv forces in the wick. gaseous cnvironmcnt. In addition to 

The variable conductance heat pipes are outgassing of the vehicle and the pavloads 
more complex than the fixed conductance themselves. the operation of altitude 
type in that they contain a non-condensible control systems. the venting of relief valm 
gas (nitrogen) stored in a reservoir at the and the dumping of water for thermal 
condenser end of each pipe. As the control of the vehicle all represent 
temperature of the evaporator end of the molecular sources that may affect sensitire 
pipe falls a heating element raises the insqmientation, particularly equipment at 
temperature of the reservoir, causing the cryogenic temperatures. Measurements 
gas to expand into the condenser. blocking have been planned for the series of four 
the condenser region and effectively orbital test flights using the Induced 
stopping heat pipe action. The length of Environment Contamination Monitor 
condenser rendered inactive depends on provided by the Marshall Space Flight 
the temperature lebel along the pipe. Crntcr and located. on this flight, behind 
Conversely, with increasing evaporator- thc OSS-I pallet in the Orbiter bay. 
end temperature. the gas will recede into Particulate measurements will be provided 
the reservoir making mort active area of by the Shuttle/Spacelab Induced .Ai- 
the radiators availablc for heat rejection to mosphcre Experiment. A molecular 
spacc. The signal for activating the contaminationmon~tor on theOSS-I pallet 
reservoir heaters is supplied through a provides intormation on molecular species 
feedback loop consisting of a temperature around the OSS-l instruments. sup- 
control scnsor and either a hardwire plementing measurements from the lnduced 
proportional controller or a computer- Environment Contamination Monitor. 

The Contamination Monitor Package. 
sponsored by the Unitcd Stares Air Force. 
contains four temperature-controlled 
Quartz Crystal Microbalances which 
measure thc accreted mass of molecular 
fluxes. These microbalances are identical 
to those contained in  the Induced 
Environment Contamination Monitor bui 
their operation can hc monitored and the 
daia analysed during the night. Their 
tcmpcraturcs ma\ be resci b! command 
attcr initial r e d t s  hare becn analytcd i o  
optimiLc the operation 0 1  the hcnsor5. 

The instrumeni \sill monitor the mask 
accrction oi condcnsible rolatile material\ 
during ascent. on-orbit operation\ and 
dcsccnt. Alter the mission. the data nn 
mas5 build-up \ r i l l  be correiatcd uirh 
pavload activities. Orbiter operational 
cvcnis. perrormanccol other OSS-I instru- 
ments and Induced Environment Con- 
tamination Monitor rewltj. The actiration 
energ JI the major species oi rhcaccrctcd 
matcriais can also bc estimated. 
M hilc minimal impact is expected for 

most instruments that ma) fly on Shuttlc. 
IonF-icrni erposurcc 01' particularl! 
scii\iiivc optical cornponeiits or crvogenic 
surtaccs to the Orbiter cnvironment ma) 
rcguire special precautions. 

Future prospects 
The OSS-I instruments will point the way 
io future developments in the use of the 
Shuttle for space science investigations. 
Two of theOSS-I instruments will fly again 
an the Spacelab-2 mission: the Plasma 
Diagnostics Package will be released from 
the Remote Manipulator System IO become 
a subsatellite and make measurements of 
the spacecraft wake at distances up to 20 
km behind the Orbiter. while the Soiar 

mounted on a solar pointer to continue Uv 
irradiance measurements through the solar 
cvclc. Thedata from other experimentswill 
bc used to design large UV and 1R 
telewopes and other instruments for futurc 
tlichis in the Orbiter. Ultimately. thc 
Shuttlc program will include discipline- 
dedicated flights and the development of 
spacc platiorms serviced bv the Shuttle. 

Ultraviolet Irradiance Monitor will be 
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T h m  ciama of Orbiter subsatcilites have bccn identified to supporl Spadab active piasma investigations: 
I) amail. throw-away detectors whkh are no1 rmsabk; 2) medium-sized. m o v m b k  subsatelllta, and 3) iarge, 
maneuvcrrbk subsatellites with a d g n i h n t  orbit-adjust apsbiUty. A c l ru  1 subsalcilitc-the Plasma 
Diagnoslla Package (PDP)-wu ulil izd attached to t k  Remote Mamipulator System on the STS3 flight to 
diagnose effects of Ihc fast pulse ckrtroa pnrrator ckctron bean and of Orbiter-produced plasma wakes. On 
Ihc Spacelab-2 mission. the PDP will be rrkucd as a subsatcllitc to examine Orbiter wakes out lo 20 km and the 
ionosphcrk plaana dcpktion effects r u u l t l ~ ~  from planned Orbiter eyiac-bums. C l u  1 Magnetospheric 
Multiproks and a class 2 Recovmbk Plasma Dhgnoscia Package am under dcvdopment for the follow-on 
Spuriab missions. la addition, a study h u  bccn compktcd on a clus 3 Solar-Tcmstrial Subsatellite. All of 
these planned subsatellites provide measurements of piasma conpositioa. wave fields, particle spectra. and 
op l ia l  emissions. 

Introduction 
HE Shuttle/Spacelab system now offers the possibility to T provide the platform. the weight and power, and the 

manned control of space plasma investigations in low Earth 
orbit. 1 Planned active space plasma physics investigations 
include the emission of very low frquency (vlf) waves to 
study propagation and particle interaction effects; the 
emission of high-frequency (hf) waves to sound the local and 
remote ionospheric density structure; the injection of 
energetic electron beams and of hot plasma to examine 
stability criteria and to remotely measure electric fields along 
the magnetic field line path; the stimulation of low-frequency 
waves and the establishment of large-scale current systems by 
an electrically conducting tether associated with a modulated 
electron emission source: the release of known materials such 
as water or H, in the vicinity of the Orbiter to emphasize 
particular chemical reactions and the release of materials such 
as Ba+ at high altitudes to trace magnetic field lines and to 
enhance electric field phenomena; and the diagnostics of 
wakes of bodies with known shapes and electrical properties. 

Diagnostic measurements of the effects stimulated by these 
active investigations can be carried out with instruments 
located in the Spacelab payload, manipulated by the 15-m 
Remote Manipulator System (RMS), carried by other free- 
flying satellites or stationed along the ground track-such as 
incoherent scatter radars and optical observatories. Probably 
the most effective diagnostic element is that Of instrumented 
subsatellites which operate in the vicinity of the Orbiter from 
the range of the RMS out to several hundred kilometers. 
Table 1 lists estimates for a few scale lengths that are im- 
portant for defining the regions to be explored in detail in the 
active space plasma investigations. These scale lengths range 
from 10-100 km. 

Presented as Paper 82-0085 at the AlAA 20th Aerospace Sciences 
Meeting, Orlando, Fla., Jan. 11-14. 1982; submitted Feb. 22, 1982: 
revision received Nov. 2. 1982. Copyright @ American institute of 
Aeronautics and Astronautics. Inc., 1982. All rights reserved. 

'Professor of Physics. Dept. of Physics and Asrronomy. 
?Director. Space Sciences Laboratory. 
tManager, Space Sciences Department. 

Heritage of the Spacelab Subsatellite Systems 
In the mid-1970s at the conclusion of the successful Skylab 

program, groups of international scientists began to consider 
the investigations which might be conducted using the up- 
coming Shuttle/Spacelab system. These scientists identified 
scientific objectives for both active and passive measure- 
ments, defined instrument complements, and considered 
mission scenarios in some detail. These studies were coor- 
dinated under the Atmosphere, Magnetosphere, and Plasmas- 
In-Space (AMPS) program. 

AMPS scientists defined a set of experiments and the type 
of major instrument facilities necessary to carry out these 
experiments.* The requirement for subsatellites to make in 
situ measurements was identified for 8 of these 17 diverse 
experiments. In the polar region, subsatellites were required 
for four of the five investigations of natural phenomena. 
Table 2 g ive  a list of specific instruments forming model 
payloads for a subsatellite to make the measurements required 
for a particular set of  investigation^.^.^ These instruments 
were assumed to be similar to those flown on numerous free- 
flying satellites. 

In 1976 the AMPS Working Group completed its work to 
suggest a comprehensive and coordinated set of in- 
strumentation and investigations to acquire information on 
the processes that control the Earth's environment and its 
susceptibility to modification by human and natural  force^.^ 
The work and recommendations of the AMPS group were 
reviewed by an independent panel of scientists.' Based on this 
report. facility definition teams were established to study 
further the objectives and the implementation of these major 
Spacelab facilities: LIDAR, spectroscopy, particle beams, 
chemical releases. subsatellites, and wave injection. An 
important goal of these teams was to produce specifications 
and schedules for the evolutionary development and use of the 
facilities. 

The subsatellite facility definition team met between 1977 
and 1979. This committee reiterated the need for Spacelab 
subsatellites as follows6: 

I )  The subsatellites can be equipped with instrumentation 
to measure/map perturbations generated at or by the Shuttle. 

2) The subsatellites can be used in a cooperative mode in 
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support of active experiments conducted from Spacelab 
wherein remotely located sensors are required. 

3) Subsatellites can be used to make measurements that 
might otherwise be masked by the Shuttle environment. 

4) The subsatellites can be equipped with instrumentation 
to obtain simultaneous measurements at several points in 
space. 

Table I Scale lenglhs for active space plasma invntiplions 
Wavelength for 300 Hz whistler mode wave. km 
Far field of Orbiter antenna at 30 MHz, km 
Gyrodiameter for 7.5 keV electron, m 

Size of plasma depletion regions from Orbiter burns, km 
Extension of Orbiter-induced plasma wake. km 

10-100 
9 
8 

5-20 
100 

3 

Orbiter motion during energelic electron transit io 
opposiie hemisphere and back, km 

- 

Further consideration of specific requirements for sub- 
satellites and the resources that might be available to develop 
them lead to three classes of subsatellite systems.' Table 3 
identifies these classes, some performance characteristics, and 
approximate cost estimates. Both the single mission/class I 
and the recoverable/class 2 subsatellites seem to be within the 
capabilities of a principal investigator's institution whereas 
the maneuverable-recoverable/class 3 subsatellite would be a 
facility to be developed and managed by a NASA Center or by 
industry. In 1979, industry was invited to submit proposals on 
the adaptation of existing qualified spacecraft to the class 3 
subsatellite requirements; this satellite program was named 
the Solar-Terrestrial Subsatellite (S-TS!?J).~ More details on 
the development of all three classes are given in the following 
sections. 

Current Plasma Diagnostics Package Flight Program 
A throw-away subsatellite falling within the class 1 category 

has been developed for flight on two Shuttle missions. On the 

TABLC 3.  CQPARISm Or SUBSATCLLITL 

PRIUCIPAL rnvcsrimmn cuss PACILIY'Y CLASS 
SUBSATCLLITL SIffiLL7iI3?mm nccmFEX BLE MANLUVERABLL 
PER?OOMUCE (CLASS 11 ( C U S S  2 1  ICLASS 3 1  

UURBLR PER MISSIOW 

1 1 ~ I U U ) I  SIZC 

UEIGHT 

PQlCR B - B A R L R I L S  
s . S O U R  CELLS 
r - PULL CELL 

DATA: TLLCILTRY 
TAPL RCCORDCR 

CQUANDS 

AUTLUUAS AND MQ(S 

ALTI?IJDC/OMIT ADJUST 

20-40 YAlTS (BI  

10-100 KBPS + 50 KHZ 
W E  

NOI(L-6 IDISCRCTLI 

6 1011. mt s m  

UONL 
SPIN STABILIZLD 

DAYS 

3-8 

$3-51 

- 5211 

i m 4  

60. DIA,  42. H 

2)p 500 KG 

50-150 W A R S  I B  b SI 

16-512 KBPS + 250 KHZ 
512 RBPS + 250 KNZ 

16'64 ISCRIALI 

* 1011. RCTRAICIABLC 

CRUDE ACS 
roll SPIU U I S  

l o r m S  

6-12 

510-2011 

- 1211 

im2 

> 60' D I A .  > 42. H 

> 500 KG 

100-1000 W A R S  I B  b 5 OR P I  

256 REPS t 250 KHZ N 
m p s  + 250 KHZ + N 

a 256 ISLRIALI 

4 10011. RCTMICIABLE 

I AXIS STABILIZLD, 
A V  - ~ S O O - ~ T / S C C  

mum UP m YEARS 

10-16 

$50-100* 

- 1511 
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first flight-STS-3, which was flown in March 1982 as part of 
the Office of Space Science-l pallet-this Plasma Diagnostics 
Package (PDP) was not released into orbit but was 
manipulated by the systems RMS out to distances of 15 m 
from the Orbiter. On the second flight-the Spacelab-2 
mission scheduled for November 1984-the PDP is spun up 
and released by a special end effector on the RMS. The Or- 
bifer will keep the PDP within telemetry range ( - 100 km) for 
several days. 

I\ 

/ \ 
\ 

/ ' m  \ 
Fig. I OSS-VPDP science objectives. 

/ 
Fig. 2 Spncelab-L/PDP science objectives. 

In Fig. I the PDP on the RMS is depicted making 
measurements in and about the Orbiter. The specific ob- 
jectives for the PDP on the STS-3 flight included: 

I )  Study the Orbiter-magnetoplasma interactions within I5 
m of the Orbiter through the measurement of electric and 
magnetic fields, ionized particle wakes, and generated waves. 

2) Determine the characteristics of the electron beam 
emitted from the fast pulse electron generator (FPEG) ex- 
periment out to a range of I5 m from the Orbiter and measure 
the results of beam-plasma interactions in terms of fields, 
waves, and particle distribution functions. 

3) Measure and locate the sources of fields, elec- 
tromagnetic interference (EMI), and plasma contamination in 
the environment of theorbiter out to I5 m. 
4) Flight-test the systems and procedures associated with 

the Spacelab-2 Plasma Diagnostics Package experiment with 
particular emphasis on operations with the Remote 
Manipulator System (RMS), on unlatching and relatching the 
PDP unit, and on evaluating the radio frequency (rD 
telemetry link. 

The PDP is cylindrical in shape with a 107 cm diam by 69 
cm height with electric field, magnetic search coil, and 
Langmuir probe sensors extending -30 cm beyond the 
cylinder. On top of the PDP is the special electrical grapple 
fixture for mating to the RMS standard end effector. For 
STS-3 the PDP weighed I59 kg and used 45 W of Orbiter 
power. Other flight systems included the release/engagement 
mechanism (REM), a 400 MHz rf receiving antenna, and an 
electronics assembly with rf receivers and logic for processing 
commands and for generating onboard displays.Y 

Within the PDP housing are instruments for measuring 
characteristics of the plasma environments in the vicinity of 
the Orbiter and of the phenomena induced by operation of the 
fast pulse electron generator (FPEG), which is part of the 
vehicle charging and potential (VCAP) investigation.P,10 The 
measurements made by the PDP include magnetic and electric 
fields, plasma waves, plasma composition, temperature and 
directed velocity, and energetic particle flux and pitch angle 
distributions. 

For Spacelab-2, the PDP is equipped with batteries 
(adding 91 kg in weight) for -7  days of energy and with 
folding booms to extend the sensors about 1.5 m from the 
spacecraft body. The PDP is to be released into orbit with the 

0 

( A I  A M P T C D  ?ROU RClCRCNCE 8 
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spin axis perpendicular to the orbital plane with a spin rate of 
6 rpm." By using the Orbiter propulsion system, the Orbiter 
maneuvers about the PDP and also releases combustion 
products to create local depletion of the ionosphere.'z As 
depicted in Fig. 2 the Spacelab-2 PDP is to meet the following 
objectives : 

1) Provide in situ measurements of the ionospheric plasma 
"holes" induced by the Orbiter engine burns in support of 
ground radar observations of the plasma depletion ex- 
periment. 

2) Observe natural waves, fields, and plasmas in the un- 
perturbed magnetosphere. 

3) Assess the Spacelab system for performance of active 
and passive magnetospheric experiments. 

Evolution of Space Plasma Lab Investigations 
Instrumentation has been developed for the conduct of 

investigations in the space plasma physics disciplines. These 
investigations are listed in Table 4 under phase I for the OSS- 
1, Spacelab-I , and Spacelab-2 missions9J1J3 by the calendar 
year of the Shuttle launch. At the same time there is another 
set of Spacelab facilities and principal investigator class in- 
struments which have been selected for possible follow-on 
Spacelab missions, phase 11. Some of these phase I1 items are 
being defined and others are in an early definition phase for 
developinent starting in 1984 pointing toward a Spacelab-6 
flight opportunity in mid-1987, the Space Plasma Lab-I. 

Orbiter subsatellites are to be developed under phase 11. 
The recoverable PDP (RPDP) is a class 2 system that follows 
from the Spacelab-2 PDP. Magnetospheric Multiprobcs 
(MMP) is a system of up to six class 1 subsatellites to make the 
first set of simultaneous but spatially separated measure- 
ments. These subsatellite systems. are to be joined by the 
Solar-Terrestrial Subsatellite toward the end of the decade 
and with other free-flyer satellite systems, such as the Origin 
of Plasmas in the Earth's Neighborhood (OPEN) and the 
Upper Atmosphere Research Satellites (UARS). 

Table 5 gives the features of several active Space Plasma 
Lab perturbation sources-waves, particles, currents, and 
chemical tracers-that may be available as part of phase 11. 
This table gives a summary of the investigation technique, the 
primary objectives, and the objectives to be met by the 
subsatellites and free-flyers (if available). As the Spacelab 
'nstrumentation and investigation experience evolves, these 
pace plasma active experiments can be conducted and 

RPDP, of S-TSS. These systems are described in more detail 
in the following sections. 

a diagnosed by any and all of the subsatellite systems-MMP, 

ORIGINAL PAGE IS 
OF POOR QUALITY 

Fig. 3 Recoverable pluma diagnostics conapt. 

Fig. 4 Diagnostics of WISP slimulated vlF wave  and precipitated 
particles. 

Recoverable Plasma Diagnostics Package Scheme 
Presently, the Recoverable Plasma Diagnostics Package 

(RPDP)-derived from the Spacelab-2 PDP-is being 
designed for a flight as part of the Space Plasma Lab-I 
(tentatively, Spacelab-6) complement of hardware. 

In  Fig. 3. the RPDP is shown in its subsatellite con- 
figuration with deployed sensors on booms and with electric 
long-wire antennas. Energy is supplied by primary batteries 
and supplemented by solar cells with a secondary battery 
system to meet the - 100-W operational demand. The 500-kg 



242 

I\ 
SHAWHAN, BURCH. AND FREDRICKS 

0-MODE WAVE 

WAVE-MODE . COuPLlffi 
, REGION 
i 

e 
1 

Fig. 5 Diagnostics of WISP ernilted hf waves. 

Fig. 6 Magnetospheric mulliprobcs concepl. 

unit is spun up to 6 rpm and despun by the combination of a 
reaction wheel and a cold gas thruster system. The cylindrical 
dimensions are 152 cm diam by 107 cm height to house up to 
12 instrument systems and the supporting spacecraft sub- 
systems. Data are downlinked to the Orbiter over two 400 
MHz licks and commands are uplinked at S-band. Overall the 
RPDP satisfies the general specifications of the class 2 
recoverable subsatellite in Table 3. 

An example of a WISP vlf investigation (see Table 5) 
utilizing the RPDP is given in Fig. 4. The WISP vlf trans- 
mitter illuminates a magnetic flux tube that contains 
energetic elgctrons near the equator. T h e e  emitted vlf waves 
can partially organize the particles to stimulate wave growth 
leading to amplified waves and to particles precipitating into 
the atmosphere creating an artificial aurora. Very low- 
frequency sensors on the RPDP can measure both the injected 
wave characteristics and those of the stimulated waves: other 
RPDP sensors can detect precipitated electrons in the flux 
tube and can remotely sense the light of the artificial auroral 
spot. 

For WISP high-frequency (hf) transmissions, the RPDP 
provides a receiving point which is remote from the Orbiter- 
borne sounder transmitter/receiver itself. Consequently, these 
bistatic sounding measurements enhance the information on 
the dimensionality of the detected density irregularity 
features. The RPDP can also be used to examine hf wave 
propagation and mode coupling phenomena as depicted in 
Fig. 5 .  A Z-mode wave emitted at the Orbiter may be coupled 

J. SPACECRAF~ 

a 
FIELD LINE 

Fig. 7 MMP diagnoslics of wave and wave-particle interactions. 

Fig. 8 MMP diagnostics of electron b&m returned by parallel 
electric field region. 

to an 0-mode wave in the presence of a strong gradient in 
electron density. Such experiments require careful positioning 
of the Orbiter with respect to the RPDP. 

As part of the Space Plasma Lab-I, the RPDP can also be 
utilized with other phase I 1  instruments to diagnose the 
SEPAC electron and plasma beamsJo and to characterize 
reactions to chemical releases. 12 

Magnetospheric Multiprobes Scheme 
Multiple throw-away detectors are particularly important 

for providing a spatial sample of natural and induced 
phenomena. A system of up to six Magnetospheric 
Multiprobes (MMPs) is being defined under phase I 1  of the 
Space Plasma Lab faci1ity.I’ 

A possible configuration for the MMP is shown in Fig. 6. 
Each unit is 60 cm in diameter by about 30 cm high with a 
telescoping antenna/boom system along the spin axis and 
four wire antennas perpendicular to the spin axis. These units 
are battery powered with an uplink command/link and a data 
downlink in the 400-MHz band at data rates up to 128 
kilobitls. For some missions the units are to be instrumented 
to measure dc electric fields, particle spectra and pitch angles, 
magnetic perturbations due 16 currents, and possibly the vl f  
plasma wave spectrum. For other missions an ion drift meter 
and ion mass spectrometer might be substituted for or added 
to the instrument complement. 

Spin up to - 20 rpm and ejection of each unit with an Av up 
to IO m/s is accomplished by a special ejection mechanism. 
The mechanism operates with cold gas to effect the Au and 
with an electric motor to provide the spin up. Positioning of 
the MMPs is accomplished by selecting the correct Orbiter 
attitude to direct the &I: IO m/s yields a peak separation of 
approximately IO km from the Orbiter (although the 
separation varies sinusoidally to * IO km peak). With time the 
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Fig. 9 Summary S-TSS science opportunities. 
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Fig. 10 Tethered atmospheric satellite. 

MMP cluster deforms into a string along the orbital track due 
to atmospheric drag. 

Multipoint measurements can provide a snapshot of the 
WISP antenna pattern for a particular geometry and plasma 
parameters as indicated in Fig. 7. Also wave-particle 
phenomena at particular, but not entirely predictable, spatial 
locations (such as the density gradient in Fig. 5) are more 
likely to be encountered with multiple probes. Likewise ex- 
periments with the electron beam sounding of magnetic field 
lines for electric field regions depicted in Fig. 8 has a higher, 
chance of success if multipoint measurements of the return 
electrons are made. 10-13 Similarly, measurements in and near 
flux tubes containing chemical releases can give estimates of 
spatial gradients as well as of temporal evolution.12J3 

Solar-Terrestrial Subsatellite Scheme 
Four adaptations of the Solar-Terrestrial Subsatellite based 

on existing technology were proposed: the inertial upper stage 
(IUS). the Teleoperator Retrieval System, the Detached 
Experiment Carrier, and the AE/DE technology. * 

As implied in Table 3, the class 3 S-TSS is bigger and better 
than the other two classes. Besides providing for nearly twice 
the number of instruments, for increased data handling 
capabilities. and for sustained management from a NASA 
Center, the S-TSS is to provide both an orbit adjust and 
stabilized attitude capability. This orbit adjust capability is 
required to: I )  minimize Orbiter resource requirements in 
terms of propulsion, rendezvous time, and data handling; 
2) carry sensitive instruments outside of the Orbiter con- 
tamination envelope; 3) provide lower atmosphere (50-200 
rn) scan capability by carrying a retroreflector or detector for or IDAR or similar optical source: 4) perform diagnostic 

measurements of plasma flow around bodies tethered to the 
Orbiter; and 5) provide numerous experiment opportunities 
that require specific Orbiter/S-TSS alignments such as along 
B lines. 
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- 
Fig. I I Electrodynamics tether system with diagnostic satellites. 

The stabilized attitude capability is required to: 1 )  direct 
mass spectrometers and RPAs into velocity ram direction; 
2) point imagers, spectrometers, interferometers, and 
radiometers toward atmospheric targets such as the limb and. 
auroral regions; 3) position magnetometers, electric field 
detectors, and energetic particle detectors with respect to the 
geomagnetic field; 4) establish solar inertial pointing for solar 
viewing instruments such as imagers and spectrometers; and 
5) change attitude according to experiment requirements 
during the mission. 

With the added capabilities of the S-TSS. subsatellite 
support can be provided to a full range of Spacelab-based 
facilities as illustrated in Fig. 9. 

Electrodynamics Tether System 
The Tether Retrieval System provides a means to drag a 

satellite probe through the atmosphere as in Fig. 10 down to - 100 km altitude without losing the satellite due to at- 
mospheric drag. In  this case the tether would provide 
mechanical support of the atmospheric satellite with a length 
of -100 km." This technique provides an important and 
unique tool for probing the thermospheric region. 

For magnetospheric work, a conducting tether wire 
restraining a large conducting body can produce large 
motional potentials along the tether of kilovolt magnitudes. 
An electron accelerator on the Orbiter can emit electrons into 
the plasma to cause current flow in the tether which may 
establish electrodynamic effects such as low-frequency wave 
emissions and field-aligned current systems. Wake, current, 
and wave effects can be studied by subsatellite probes tethered 
along the tether wire and by subsatellite probes in the vicinity 
as depicted in Fig. 11 .  Combined with the WISP transmitter, 
the conducting tether can serve as a very efficient vlf trans- 
mitting antenna. 

On-Orbit Operations 
Whatever the subsatellite system in use as part of the Space 

Plasma Lab Facility, the general operational features are 
planned as follows: 

1) The subsatellites are,deployed just after reaching orbit 
and recovered just before deorbit (if appropriate); the class 2 
and class 3 systems may have a capability to stay on orbit 
between Spacelab missions to serve as a low-altitude 
spacecraft. 

2) The Orbiter or S-TSS must be maneuvered to obtain the 
appropriate Orbiter-subsatellite geometry along the orbital 
track or along a magnetic flux tube. 
3) Commands are issued simultaneously by the Orbiter 

crew or the Payload Operations Control Center (POCC) to all 
of the Spacelab instruments and the subsatellite instruments 
as to mode and time of the next experiment. 

4) Data are transmitted back to the Orbiter and displayed 
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to the crew so that critical instrument parameters can be 
changed in order to optimize the experiment conditions. 

Summary 
Subsatellites are an essential part of the evolving Space 

Plasma Lab Facility. A simple throw-away subsatellite-the 
Plasma Diagnostics Package-has flown in 1982 attached to 
the RMS and will fly as a subsatellite in 1984. A system of 
Magnetospheric Multiprobes and a Recoverable Plasma 
Diagnostics Package is undergoing initial design for a 1987 
launch opportunity as enhancements to the Space Plasma Lab 
capability. B y  1990 a fully maneuverable Solar-Terrestrial 
Subsatellite may be available. These subsatellite systems 
measure fields, waves, particles, and optical emissions 
associated with natural magnetospheric processes and with 
active injections of waves, plasma beams, and chemical 
tracers. 
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lixperience gained in defining and developing the payload and the mission limeline for the 0%-1. Spacelab-I, 
and Spacelab-2 missions suggests several areas which require careful planning to carry out a Shullle scientific 
experiment. During the experimenl definition phase early allention should be given lo the thermal design. the 
analysis o f  polential safely hazards. and contamination since these arras can escalale the inslrument design. I n  
cnmpleling the Experimrnl Requirements Document il is important to be mlistic in specifying the requirements 
and desires for mass, energy. data. orbit and allltude, and crew time but lo be flexible in how these requirements 
are salisfied. lixamples of resource allocations for Spacelab-l and Spacelab-2 are given. To optimize ihe 
scienlific return from a mission it is ~ ~ g g e s t e d  Ihal join1 operations of complementary and compatible cx- 
periments be planned from the bcprinning lo maximize the use of the limited resources. Crew members should be 
given primarily tasks of essential commanding and dala interpretation: the experiment computer use should be 
limited to servicing the dedicated experiment processors and providing essential onboard commands and 
displays. I t  may be desirable In rely on experiment ground support equipment for essential data capture and 
processing rather than on the Payload Operations Control Center data services. 

Introduction 
HE advent of the Space Transportation System (STS) T offers the first possibility to deploy and return scientific 

instrumentation from the near Earth orbit.' Instrumentation 
is placed above the obscuring lower atmosphere and into a 
high vacuum, low acceleration environment at the lower edge 
of geospace in the midst of a variety of solar-terrestrial 
processes within a region suitable for active plasma-particle- 
wave-photon experimentation. 

Instrumentation can be accommodated in small standard 
containers of the "Gel-Away Special" (GAS) program, 
housed in the crew storage lockers, rack-mounted at the aft- 
flight-deck or hard-mounted to the Orbiter structure within 
the pavload bay. Items within the bay can be detached and 
articulated to distances of 50 f t  using the Remote Manipulator 
System (RMS). Large or complex instrumentation and 
facilities can be most conveniently accommodated by the 
European Space Agency's (ESA) Spacelab system',' wi th  
components including a manned module, pallets, and an 
Instrument Pointing System (IPS) along with associated 
remote acquisition units (RAUs), experiment computer (EC), 
cold plates and freon cooling loop, power distribution unit, 
and data display unit (DDU). 

A unique feature of the STS is that crew space is available 
to carry not only the members required to position the Orbiter 
in orbit and attitude but also mission specialists and payload 
specialists w h o  have the skills to operate the instrumentation 
and associated flight support equipment in order to maximize 
the results from a particular mission. The command and data 
systems on the Orbiter allow for man-in-the-loop operation 
and the high rate data link to the Payload Operations Control 
Center (POCC) allows for the investigation team to also be 
included in the loop in nearly real time. With the possibility of 
several missions to carry out a scientific program the hard- 
ware, software. and techniques can evolve based on on-orbit 
performance as well as on careful analysis of data between 
missions. 

Presented as Paper 81-0272 at the A l A A  19th Aerospace Sciences 
Meeting. SI. Louis. Mo.. Jan. 12-15. 1981; submiired June 17, 1981; 
revision received Aug. 19. 1982. Copyright 0 1982 by Stanley D. 
Shawhan. Published by the American Institute of Aeronautics and 
Astronautics with permission. 

'Professor of Physics. Depariment of Physics and Astronomy. 

Although the prospects for experimentation on the Orbiter 
look bright, the experience being gained during the definition 
and development of instruments and timelines for the OSS-I ,' 
Spacelab-I ,' and Spacelab-2' missions indicates that some 
design areas and resource constraints need careful con- 
sideration in order to accomplish the scientific objectives. The 
point of this paper is to identify these design areas and limited 
resources and to suggest schemes by which scientific ex- 
periments can be planned and executed to obtain the desired 
data within these constraints. 

For the discussion that follows, the Spacelab-I and 
Spacelab-2 missions are used as representative of science- 
dedicated missions. They are important models because they 
do utilize the selection, funding, management, development, 
mission operations, and data analysis philosophies and 
procedures that are intended for Spacelab missions of the 
future. The Spacelab-I mission'.6 utilizes the Spacelab 
manned-module and a pallet of instruments to accommodate 
38 instruments from ESA and NASA investigators. Spacelab- 
2'.' uses the Instrument Pointing System. three instrument 
pallets. and a special support structure. The remote 
Manipulator System is used to deploy a subsatellite. Both 
missions are to carry out investigations in the areas of physics. 
life sciences. astrophysics, and applications sciences. 

Spacelab Experiment Allocations 
The Spacelab system allows for the accommodation of a 

large variety of scientific instrumentation with a minimum of 
interface complexity and, consequently, for the rapid in- 
terchange of instrumentation between Spacelab missions. '.: 
Also, the command and data handling systems are par- 
ticularly designed to accommodate the crew in the loop for 
nominal or contingency operations. However, the resources 
available to the payload for science must also support this 
Spacelab system. 

Some of the primary resources which are allocated to the 
Spacelab payload in general and the percent of the allocation 
which is dedicated to the Spacelab-1 and Spacelab-2 ex- 
periments themselves are listed in Table I .  The total payload 
mass is limited by the maximum landing weight. Experiments 
on Spacelab-2 are allocated a larger portion-32vo- 
compared to Spacelab-] because of the additional Spacelab-] 
weight for the module and support equipment. Both the 

O F e l b ~ i A  PAGE IS 
OF POOR QUALITY 



478 S.D. SHAWHAN J .  SPACECRAFT 

power and the energy allocations are determined by the 
capability of a single fuel cell. In the case of Spacelab-2, most 
of the experiments could be run simultaneously for the entire 
mission from a power and energy standpoint. The Spacelab 
overhead is -80% of the energy. For Spacelab-I the module 
increases the overhead to -90%. Instruments on Spacelab-I 
must have a lower duty cycle because the peak experiment 
power exceeds the available power (1 19%). not including the 
overhead. One of the big uncertainties in the power usage and 
energy budget is the instrument heater requirements. Several 
Orbiter flights are required to test the thermal models to 
establish the heater duty cycles. 

Low digital data rates can be handled through the Spacelab 
RAUs by the experiment computer.',? However, the bulk of 
the digital data is handled through the high rate multiplexer 
(HRM).' . '  Neither the Spacelab-I nor Spacelab-2 peak data 
rates approach the 32 Mbps capability of this channel. As the 
maximum rate is approached the data recording onboard and 

rablc 1 Spacelab resource allocation to experiments 

Spacelab Spacelab-I Spacelab-2 
allocation experiments6 eiperiments' 

Vass I4.5I5 kg 2784 (19%) 4637 (32%) 
Power Average 7 kW 0.7 (10%) 1.3(19%) 

Peak I2 kW 14.3(119'Jk1) 2.6 (32%) 
Energy -9OOkWh I 0 0  ( 1 I ma) 199(22%) 
H R M  data Peak 32 Mbps 4.7 (15%) 2.5 (8"o) 
Experiment - 20 kbytes I2  (60%) 14 (70%) 

computer 

on the ground as well as the downlink scheduling become 
significant problems. Experiment commanding and onboard 
data displays as well as servicing of dedicated experiment 
processors (DEP) can be handled by the experiment computer 
operations software (ECOS) which requires - 44 kbytes of the 
65 kbytes EC memory. Any special DEP or analysis or 
control programs are routines in the 20 kbytes experiment 
computer applications software (ECAS) of which 60% and 
70% are allocated to Spacelab-I and Spacelab-2, respectively. 
The balance of ECAS is for crew use. 

Propellant is required to create or negate "g" loads, to 
change orbit. and to track specific targets. In order to ac- 
complish objectives requiring orbit or attitude adjustment, 
approximately 50% of the propellant is available for ex- 
periment use including attitude maneuvering for data dumps 
to the Tracking and Data Relay Satellite System (TDRSS). 
The balance is used for orbit insertion and for deorbit. Given 
the energy and propellant constraints and the occurrence of 
appropriate observing conditions. the prime observing time 
for an experiment can be determined. For a seven-day mission 
approximately I52 h are available. For Spacelab-2, 567 h are 
allocated as prime time or 371 mo of that available-meaning 
that almost four experiments can be conducted simul- 
taneously through a mixture of crew and POCC control. 
Spacelab-I has many more experiments and most of these 
operate for the duration of the mission wi th  very little crew 
attention so nearly I5 experiments can operate 
simultaneously. Since two scientific crews are available each 
shift-8 h lor the mission specialists and 10 h for the payload 
specialists-252 h of dedicated crew time is possible. For 
Spacelab-l and Spacelab-2. -65mo is assigned to mecific - -  

memory 
for ECAS 

propellant 

observing operations. 
time 

crew time 

experiments with 'the balance used to monitor other ex- 
periments and to carry out other payload duties. Even i f  
energy and propellant were available, the dedicated crew time 
limits the optimization of results from the man-in-the-loop 

A listing of the Spacelab-2 experiments and a detailed 
Dedicated 252 h I77 (70% ) I50 (604) breakdown of the resources are given in Table 2. Mass values 

range up to 2000 kg for the experiment 6 cosmic ray telescope, 
which is a specialized structure instead of a pallet. Power 

On-orbit - 7400 Ib 3457 (47%) 3957 (53%) 

Prime 152 h 2248 (1479%) 567 (37,%) e 
Table 2 Spacehb-2 experiment resources utilization' 

Experiment 
NO. 

Maximum 
Average H R M  ECAS Prime Dedicated 

Mass. power, Energy, data rate. memory, time. crew time. 
kg W k W h  K bps  kbytes  h h 

8 

9 

IO 

I I  
I2 

Vitamin D Metabolites and bone 

The interaction of oxygen and gravity 

Ejectable plasma diagnosiics package 
Plasma holes for ionospheric and radio 

Small helium-cooled i.r telescope 
Elemental composition and energy 

Hard Y-ray imaging of clusters of 

Solar magnetic and velocity field 

Solar coronal helium abundance Spacelab 

Solar u v high resolution telewope 

Solar u.\ spectral irradiance monitor 
In-orbit calibration of mesa low g 

Properties of superfluid helium 

demineralization 

influenced lignification 

astronomy studies 

spectra of cosmic ray nuclei 

galaxies and other extended X-ray sources 

measurements system 

erperiment (chase) 

and spectrograph 

accelerometer 

in zero g 

Total 
"Average" experiment 

32 

24 
372 

0 
770 

1 %8 

570 

I98 

100 

256 
83 

I5 

250 

4637 
357 

0 

52 
34 

0 
101 

232 

I79 

I50 

74 

325 
95 

20 

93 

1355 
104 

0 

9 
5 

0 
I5 

33 

25 

22 

I2 

47 
14 

3 

14 

199 
15 

0 

0 
333 

0 
614 

I02 

64 
I365 

(video) 

8 
( R A W  
(video) 
(RAU) 

(RAU) 

20 

2506 
I93 

0 

0 
0 

0 
2.0 

I .25 

2.2 

I .9 

2.0 

2.6 
I .5 

0.2 

0.35 

14.0 
1 . 1  

166 
19 

7 
27 

I37 

I03 

18 

I5 

16 
A 

23 

23 

567 
44 

I2 

3 
48 

7 
Monitor 

Monitor 

Monitor 

79 

Monitor 

Monitor 

I50 
I2 
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values range up to 325 W wi th  an energy allocation of 47 kWh 
for experiment IO on the IPS. Maximum HRM data rates of 
1365 kbps occur for experiment 8 in addition to the use of the 
4.5 MHz video downlink. Experiment IO utilizes 2.6 kbytes of 
the 14 kbytes of ECAS memory. Both experiment 2 and 
experiment 6 are allocated prime observing time for nearly the 
entire mission since very little crew intervention is required. 
However, experiment 3 and the solar experiments on the IPS 
(experiments 8-11) require more than one crew member to 
support the allocated prime time; for example, experiment 3 
has 48 h of dedicated crew for 19 h of mime time indicating - 2.5 crews for the subsatellite deployment and fly-around 
Operations. Values for an “average” Spacelab-2 experiment 
are given at the bottom of Table 2. These values may be 
representative of the future discipline-dedicated Spacelab 
payloads. 

Experiment/lnstrument Definition 
Joint Operations 

Experiments for the current OSS-I, Spacelab-I, -2. and -3 
missions and the 38 experiments for possible future spacelabs 
were selected from proposals submitted in response to NASA 
Announcements of Opportunity. These experiments were 
proposed largely as stand-alone investigations without regard 
for other proposed complementary investigations. Joint 
experiment scenarios have subsequently been developed 
between investigation teams. For example, the vehicle 
charging and potential experiment and the plasma diagnostics 
package on OSS-I, the four solar experiments (experiments 8- 
1 I )  on Spacelab-2, and the plasma holes (experiment 4) and 
plasma diagnostics package (experiment 3) on Spacelab-2 
have defined joint functional objectives. These joint 
operations are particularly significant because they enhance 
the overall scientific output for the mission by providing 
complementary measurements and they minimize the various 
resources rquired to obtain these results. I t  is therefore 
important for the possibility of joint operations to be 
identified early in the experiment definition phase. 

Bvpcrimcnr Requirements Documcnt 
Experiments are assigned for definition and development to 

any of the NASA Centers usually along discipline lines. 
Marshall Space Flight Center (MSFC) has the responsibility to 
accommodate the experiment into a spacelab once the in- 
vestigation has been assigned to a particular mission. During 
the definition and development phase an Experiment 
Requirements Document’ (ERD or equivalent) is prepared 
which specifies the requirements in terms of resources, 
pointing accuracy, orbit. special tests, ground operations. 
software. safety, POCC services. etc.. that are necessary to 
complete the investigation. MSFC then carries out a physical 
and limeline accommodation study including all the ex- 
periments for that mission IO maximize the number of 
requirements that can be satisfied. and this information is 
collected in the Integrated Payload Requirements Document 
(IPRD).’.’ After some iteration the Instrument Interface 
Agreement (IIA)“ is created. 

In preparing and iterating the ERD it  is important to 
establish requirements that are consistent with the original 
proposal. in line with the resources available as indicated in 
Tables I and 2. commensurate with the Orbiter performance 
characteristics, and include scenarios for joint operations. 
Firm requirements must be clearly distinguished from desired 
performance. Suggestions for meeting a particular 
requirement are appropriate but the suggestions should be 
written so they are not interpreted as the requirements 
t hemselves. 

Design Anr lws  
Three areas related to the instrument design have required 

particular attention for instruments developed for OSS-I , 

Spacelab-I , and Spacelab-2: thermal control, safety hazard 
analysis. and contamination control. Thermal control is a 
particular problem because the Orbiter bay can be oriented 
toward or away from the sun for extended periods of time 
which allows the pallet-mounted equipment to become ver 
hot or very cold. On pallets, instrumentation can be mounte 
on cold plates connected to a freon loop with a large heat 
capacity and a radiator system. However, in the hot case the 
radiator system is the least efficient. Within the module, 
equipment is forced air cooled. Also, the equipment should be 
able to survive the hot and cold extremes of a contingency 
situation if  the freon loop or forced air were to fail. The 
thermal design has been particularly difficult for the 
Spacelab-2 experiment 3 plasma diagnostics package which 
has to operate in the bay without a cold plate, on the RMS. 
and as a satellite. Also. instruments mounted on the IPS must 
maintain thermal control without cold plates. To  date thermal 
design parameters have been changing as the payload thermal 
analyses evolve. After several STS flights, the thermal 
modeling should be more realistic so that thermal control 
techniques can be more readily specified. 

Rigid safety criteria have been established to protect the 
ground crews during payload integration and the flight crew 
during the mission.I0 Of particular concern have been the 
stress on mechanical structures and the flammability and 
outgassing of nonmetallic materials. Stress due to launch and 
landing loads and stress corrosion have been addressed in 
detail in Sec. 14.0 of the IPRD.”’ for example. Flammability 
during ground operations and toxic outgassing are stringently 
controlled through the selection of materials. I ’  Another 
criteria is that the experiment ground support equipment 
(EGSE) must undergo both a mechanical and an electrical 
safety analysis to protect both the flight hardware and the 
ground crews, particularly at the Kennedy Space Center 
(KSC). Consideration of these safety issues has meant that 
techniques and materials that have been acceptable in other 
space programs are not necessarily acceptable for STS hard- 
ware. Obviously, these issues must be identified early in order 
to comply with the safety criteria and to keep the instrument 
cost reasonable. 

Finally, the area of contamination due to gaseous and 
particulate matter is of particular concern to instruments with 
optical surfaces. These restrictions have been imposed by the 
Investigator Working Group itself for Spacelab-2 as ap- 
propriate for the particular complement of instruments. As a 
result of these contamination limits. additional restrictions on 
materials. thermal control surfaces, and instrument purges 
may be applied. 

Mission Timeline 
The mission timeline for 84-96 h mission elapsed time 

(MET) for Spacelab-2 is shown in Fig. I to give an overall feel 
for the many factors that must be taken into account in the 
timeline accommodations. During this 12 h crew timeline 
period the blue crew, consisting of a payload specialist (PS2) 
and a mission specialist (MS2). is active although there is a 
handover to the red crew at - 94 MET. For the active crew, 
the specific tasks fall into blocks of time from as short as 10 
min to well over I h .  The notation in each time block refers to 
a particular task (SPCI =solar physics, MS2LU/ 
PS2LU = lunch, PSZPSA/MStPSA = sleep). A typical crew 
function flowchart is given in Fig. 2 to indicate the types of 
steps to be performed in a task and the interactions required 
with the DEP through the EC and with the investigator team 
in the POCC. 

In defining the extent of crew involvement one must assess 
if  the involvement is essential to the conduct of the experiment 
in terms of issuing critical commands or in terms of in- 
terpreting data displayed onboard in order to issue a sequence 
of commands to ootimize the experiment or to take advantage 

e 

0 

of a “target-of-opportunity.” Could the data be interpreted 
and commands issued just as easily from the POCC? A 
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Fig. 1 Sample mission Iimclinc from Sprrelrb-2 (Ref. 12). 
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significant crew involvement means that one or more crew 
members on each shift need to have the skills required to 
interpret the results from the instrument which in turn implies 
an extensive crew training program. 

Data Link Timelinc 
Most of the science data comes via the Ku-band (KU) 

downlink. At the time of Spacelab-2 there will be only two 
TDRSS satellites so that the real-time coverage is limited to 
about 70%. For future Spacelab flights, three satellites will 
provide - 90% coverage so that the POCC can be considered 
in the loop. 

Allitudc Timelinc 
In order to satisfy a variety of attitude requirements for a 

number of instruments over the mission duration, the 
Spacelab-2 Orbiter is required to make a series of attitude 
maneuvers each orbit. A representative bi-inertial and + 30 
deg roll attitude is depicted in Fig. 3. Although it may be 
possible to develop an attitude timeline to obtain the required 
duration of specified look directions, the propellant budget 
indicated in Table I may be an overriding constraint. On 
Spacelab-2 there are engine firings to deposit large clouds of 
burn products to study the ionospheric effects (experiment 4). 
and there are orbit change maneuvers to fly around the 
subsatellite (experiment 3) and to gain altitude (experiment 7) 
in addition to attitude maneuvers. 

Instrument Operation Timeline 
During the period covered in Fig. I ,  the crew is dedicated 

primarily to the operation of the four solar instruments on the 
IPS with some time available to take data for the plant growth 
units (experiment 2) at - 86 and - 95 MET (task 2FOlB). This 
is an interesting time period in that all the onboard in- 
strumentation (lead number identifies instrument) are 

operating simultaneously although most of them are un- 
dergoing automatic sequencing. The energy constraint does 
not allow simultaneous operation for the entire mission. 

Timelinc Replanning 
I t  is unreasonable to think that the "final" mission timelin 

that is developed nearly a year before flight will be executed 
perfectly for the entire mission. Launch holds or delays, space 
motion sickness, instrument fatlure, inadequate task 
descriptions, etc., could all contribute to the modification of 
the timeline during the mission. For Spacelab-I and Spacelab- 
2. MSFC has proposed a 12-h. replanning cycle which occurs 
continuously. Every 12 h, mission operations personnel meet 
to assess the status of the Orbiter and crew and to establish 
any mission constraints for the 12-h period in question. The 
investigators meet with the payload personnel to assess the 
status of the payload and the instruments. Any modifications 
to the planned timeline are proposed and the impacts are 
evaluated. The crew is then informed of the procedural 
changes. For any 12-h period, the goal is always to return to 
the nominal timeline. 
In order to support this replanning activity, the investigator 

team must have enough personnel to staff at least two shifts 
each day. Also, contingency schemes should be planned in- 
cluding the command sequences that would be needed to be 
uploaded to the DEP from the POCC. 

Command and Data Handling 
Experiment Computer 

The experiment computer is coupled to I )  the remote 
acquisition units to obtain data from instruments and to 
provide commands, 2 )  a digital display unit with a keyboard 
for initiating commands onboard and displaying processed 
RAU data, 3) a mass memory unit for memory/program 
exchange, and 4) the data link with the POCC.'.? A sample 

DE?FUNCTION 1 ECFUNCTtON I I POCC FUNCTION CREW FUNCTION 

YOMITOR V I A  
C C T Y  A M 0  
C O N S U L T  WITH 
ON l O A R 0  AS 
Riouinto 

Fig. 2 Typical crew funclion flowchart. 
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display from Spacelab-2 experiment 3 is shown in Fig. 4. This e 
display contains item entry.commands (items 1-24) which can 
be sent by two keystrokes since these commands are active 
only when the display is up and the commands are predefined. 
The remainder of the display contains housekeeping data for 
experiment 3. On Spacelab-2 there are - 500 item entries and 
- 50 displays which are supported by ECOS. 

To build a discrete command at the keyboard i t  takes six 
keystrokes and to build a serial command i t  takes 13-20 
keystrokes. Once a command is entered i t  takes - 1 s to 
execute. For commands issued from the POCC i t  takes 1-2 s 
for a single stage command (not checked on receipt) and - 12 
s for a two-stage (checked) command if  the uplink is 
est ablis hed . 

In controlling an instrument it is important to decide on the 
prime command scheme. Neither commands from the 
keyboard nor from the POCC can be counted on for quick 
reaction to a contingency situation. Keyboard item entry 
commands are the most efficient from the crew standpoint 
since they are predefined. Routine commanding from the 
POCC relieves the crew from having to call up a display and 
to send item entry commands, or from having to compose 
commands if  they are not in response to some newly in- 
terpreted data or to a target-of-opportunity. A scheme which 
would minimize the crew time and ECOSIECAS overhead is 
to store command sequences in the DEP. These sequences 
could be time-tagged or initiated by item entry. The item entry 
could also be used to fi l l  limited data fields (to set parameter 
limits) within the DEP commands. All DEP command 
sequence updates could be handled from the POCC. The 
flexibility of rebuilding the instrument seauences is Dar- 
titularly- important i f  the timeline is replanned during' the 
mission. e Use of the mass memory unit (MMU) can expand the verv 
limited EC core space in support of ECAS. However. the 
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Fig. 4 Sample Spacelab-2 display. 
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,VMU has an access time of 2-30 S. Use of ECAS I O  handle 
DEP protocol, instrument control logic, and special 
processing of data 10 be displayed may be justified. However. 
one implementation problem lies in the inability to completely 
check the software before actual integration into the Orbiter 
just before launch, although simulators are available. I t  seems 
that unless the EC is upgraded, instruments should contain 
DEPs to handle any instrument-unique tasks such as in- 
strument control logic and specialized displays not handled by 
ECOS. Also, the degree of data processing and display 
handled by ECOS should be kept to the minimum that the 
crew can reasonably use in order to minimize the number of 
loads from the MMU. 

Analog Dala 
Some types of experiments produce moderate bandwidth 

analog data that are not really efficiently handled by an 
analog-digital conversion and the HRM digital link or by the 
4.5 MHz CCTV downlink (when i t  is available). Two such 
services are slow-scan TV images from optical experiments 
and electromagnetic wave data from space plasma wave 
instruments ( -  50 kHz). Future developments of Spacelab 
should accommodate these types of data. 

POCC Operations 

Each experiment is provided with a user area in the POCC 
which includes a console for initiating commands to the user's 
instrument and for displaying and capturing any parameters 
from the Orbiter instrumentation (01) or experiment com- 
puter input/output (ECIO) data stream. HRM data are 
delivered as they are inputted to the Spacelab. All of the 
downlinked data including the 01. ECIO, HRM, and CCTV 
(analog) are captured for nearly realtime playback and for 
later processing onto computer compatible tapes as may be 
specified. I The POCC provides very limited capability, 
however, for processine the HRM data. The trend seems to be 
to provide EGSE in the POCC which is adequate for cap- 
turing and processing HRM instrument data. These EGSE 
data systems almost have to exist anyway in order to conduct 
instrument-level tests before and after integration into the 
Spacela b. 

Summary 
Through development of instruments for the OSS-I and 

Spacelab-2 missions, various opinions have been developed 
about the capabilities and the limitations of the STS for the 
conduct of scientific experiments. Implications of the STS 
design requirements and resource allocations have been 
discussed as they apply to the experiment/instrument 
definition. to the mission timeline. and to command and data 
handling. For these areas, approaches have been suggested to 
maximize the capability to meet the scientific objects which 
should be considered as a scientific experiment is being 
planned and as the Spacelab is upgraded for future missions. 
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yLiTIPLE ION STREAMS IZI M E  YEAR VICINITY OF THE SPACE SHUTTLE 

3 
N. H. S tone , '  U. Samir 2'5 K. H. Wright ,  J r . ,  

D. L. Reas0ner.l '  and 5. D. Shawhan' 

A b s t r a c t .  D i f f e r e n t i a l  measurements oE i o n  
f l o w  d i r e c t i o n  and energy Jur i -ng t h e  t h i r d  Space 
S h u t t l e  miss ion  (STS-3) have r e v e a l e d  t h e  e x i s t -  
ence of ion  s t r e a m s  in  t h e  near  v i c i n i t y  of the  
O r b i t e r  a t  a n g l e s  of a t t a c k  as areat as 50' with  
respect t o  t h e  ram d i r e c t i o n  and t y p i c a l l y  w i t h  
1OZ of t h e  ram c u r r e n t  i n t e n s i t y .  N e i t h e r  t h e  
s o u r c e  nor t h e  mechanism by  which t h e s e  secondary 
ion  streams were c r e a t e d  a r e  known a t  p r e s e n t :  
however, i t  i s  reasonably  c e r t a i n  t h a t  they  a r e  
not of g e o p h y s i c a l  o r i g i n ,  bu t  r e s u l t  from t h e  
i n t e r a c t i o n  of t h e  O r b i t e r  w i t h  i t s  envi ronmenta l  
i o n o s p h e r i c  plasma. The energy of the  secondary 
s t r e a m s  was observed  t~ be very  c l o s e  t o  t h e  ion  
ram energy and they were, t h e r e f o r e ,  not  d e t e c t e d  
by a s t a n d a r d  p l a n a r  R e t a r d i n g  P o t e n t i a l  Analyzer  
(RPA) ins t rument .  This  leaves  open t h e  q u e s t i o n  
as  t o  t h e i r  e x i s t e n c e  i n  t h e  v i c i n i t y  of o r b i t i n g  
s p a c e c r a f t  i n  g e n e r a l .  P o s s i b l e  c o n n e c t i o n s  be- 
tween secondary  i o n  s t r e a m s  and phenomena previ -  
o u s l y  observed  i n  t h e  v i c i n i t y  of i o n o s p h e r i c  
s p a c e c r a f t  are  mentioned. 

I n t r o d u c  t i o n  

The STS-3 m i s s i o n  o f f e r e d  t h e  f i r s t  opportu-  
n i t y  t o  measure t h e  plasma and f i e l d  environment  
of t h e  Space S h u t t l e  O r b i t e r .  T h i s  was accom- 
p l i s h e d  by t h e  Plasma D i a g n o s t i c s  Package (PDP) 
exper iment  which is a s e l f - c o n t a i n e d ,  deployable  
s a t e l l i t e  t h a t  carries an  ensemble of f o u r t e e n  
i n s t r u m e n t s .  During t h e  7-day m i s s i o n ,  t h e  PDP 
was deployed up t o  15 m above t h e  O r b i t e r  bay 
w i t h  t h e  Remote X a n i p u l a t o r  System (RMS) on m i s -  
s i o n  days  t h r e e  and four .  The e f f e c t s  r e p o r t e d  
h e r e i n  were observed on both of  t h e s e  days  w i t h  
one of t h e  PDP i n s t r u m e n t s ,  t h e  D i f f e r e n t i a l  Ion 
F l u x  Probe (DIFP). 

The DIFP w a s  developed a t  t h e  M a r s h a l l  Space 
F l i g h t  C e n t e r  €or u s e  i n  l a b o r a t o r y  i n v e s t i g a -  
t i o n s  of  t h e  e l e c t r o d y n a m i c  i n t e r a c t i o n  of rare- 
f i e d  plasma f lows wi th  tes t  bodies  [S tone ,  1977) .  
Its unique  f e a t u r e  is  t h e  a b i l i t y  to deconvolve 
and measure t h e  c h a r a c t e r i s t i c s  of m u l t i p l e  ion 
streams, d i f f e r i n g  i n  f low d i r e c t i o n  a n d / o r  en- 
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ergy  a t  a s i n g l e  p o i n t  f n  space. The D F P  has  
been used e x t e n s i v e l y  i n  l a b o r a t o r y  i n v e s t i g a -  
t i o n s  and,  i n  a d d i t i o n  t o  the  STS-3 m i s s i o n ,  has  
flown on two sounding r o c k e t  miss ions  ( P r o j e c t  
Centaur  Y u l t i p l e  Aurora l  Probe m i s s i o n s ,  YAP-1 
and YAP-2, launched i n  December 1981 ). 

The e x i s t e n c e  of ion  streams i n  t h e  d i s t u r b e d  
r e g i o n  of  i o n o s p h e r i c  s a t e l l i t e s  was i n f e r r e d  by 
Henderson and Samir (19671 and has Seen s t u d i e d  
e x t e n s i v e l y  i n  t h e  l a b o r a t o r y :  e .g . ,  Hes te r  and 
Sonin [ 1 9 7 0 a , b ] ,  Stone e t  a l .  [L9711, Samir e t  
a l .  (19743,  F o u r n i e r  and Pigache [ 1 9 7 5 ] ,  and 
Stone  [1981a ,b ,c ] .  In a l l  of the  above c a s e s ,  
t h e  i o n  s t r e a m s  were a s s o c i a t e d  w i t h  t h e  down- 
stream wake reg ion  and,  i n  f ac t ,  one of the  P 3 P  
s c i e n c e  o b j e c t i v e s  was t o  s t u d y  t h e  wake of t h e  
O r b i t e r .  However, t h e  secondary ion s t r e a m s  ob- 
s e r v e d  d u r i n g  t h e  STS-3 miss ion  were t o t a l l y  un- 
expec ted  i n  t h a t  they were measured when the  PDP 
was not  i n  t h e  wake of t h e  O r b i t e r  a n d ,  in  some 
cases, when extended upstream from the  O r b i t e r .  

Exper imenta l  Data from STS-3 

The geometry of t h e  PDP and t h e  f ie ld-of -v iew 
of  t h e  DIFP a re  shown i n  F i g u r e  la .  The DIFP  
scan  d i s c e r n s  t h e  i o n  €1- a n g l e  of fnc idence  on- 
l y  i n  t h e  p l a n e  c o n t a i n i n g  t h e  PDP a x i s  of symme- 
t r y .  The a z i m u t h a l  a n g l e  must be determined from 
s p i n  phase modulat ion.  S i n c e  t h e  PDP d i d  not  s p i n  
d u r i n g  the  STS-3 m i s s i o n ,  t h e r e  is no s t r a i g h t -  
forward measurement of t h e  a z i m u t h a l  dependence. 
( T h i s  should  be measured on t h e  S p a c e l a b  2 mis- 
s i o n  when t h e  PDP w i l l  be f r e e - f l y i n g . )  F i g u r e  
l b  shows t h e  PDP p o s i t i o n  and o r i e n t a t i o n  a t  t h e  
p o i n t  i n  t h e  example maneuver ( d e s c r i b e d  below) 
when t h e  ram c u r r e n t  passed through noma1  inci- 
dence. Note t h a t  t h e  l o c a t i o n  of t h e  secondary 
i o n  streams i n  t h e  p lane  of t h e  ve1ocit.J veccar -  
PDP a x i s  may not  be a s  shown due t o  t h e  a z i m u t h a l  
ambigui ty  d i s c u s s e d  above. 

F i g u r e  2 g i v e s  a spec t rogram p r e s e n t a t i o n  of 
d a t a  o b t a i n e d  over  a p e r i o d  of s e v e r a l  minutes  
d u r i n g  which t h e  PDP underwent a maneuver t h a t  
changed t h e  a n g l e  between i ts  a x i s  of symmetry 
and t h e  ram d i r e c t i o n ,  beginning  wi th  a n e g a t i v e  
a n g l e  of a t t a c k ,  then  r o t a t i n g  through nomaL 
i n c i d e n c e  t o  a smaller p o s i t i v e  a n g l e  of a t t a c k ,  
which was approximate ly  main ta ined  f o r  the  dura-  
t i o n  of  t h e  maneuver. The spec t rogram shows t h e  
time v a r i a t i o n  ( h o r i z o n t a l  a x i s )  of t h e  c u r r e n t  
c o l l e c t e d  as a f u n c t i o n  of  t h e  d e f l e c t i o n  v o l t a g e  
( v e r t i c a l  a x i s )  which produces t h e  e l e c t r o n i c  
sweep and i s ,  t h e r e f o r e ,  r e l a t e d  t o  t h e  ion f l u x  
a n g l e  of a t t a c k  r e l a t i v e  t o  t h e  ins t rument  nor -  
mal. Normal i n c i d e n c e  o c c u r s  a t  0 v o l t s  ( c e n t e r )  
whi le  p o s i t i v e  and n e g a t i v e  a n g l e s  of i n c i d e n c e  
a r e  i n d i c a t e d  by p o s i t i v e  and n e g a t i v e  v o l t a g e s  
(above and below t h e  c e n t e r  l i n e ) ,  r e s p e c t i v e l y .  
The c u r r e n t  l e v e l s  i n d i c a t e d  b e s i d e  t h e  c o l o r  
scale a r e  powers of ten.  

The most i n t e n s e  ( r e d )  ion  stream i n  F i e u r e  2 
is t h e  ram ion  f l u x  which is s e e n  t o  change d i -  
r e c t i o n ,  fo l lowing  t h e  PDP o r i e n t a t i o n  changes 
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F ig .  1. a) Geometry of t he  Plasma Diagnos t i c s  Package (PDP) and t h e  f i e l d  of view of t he  Differen- 
t i a l  Ion Flux  Probe ( D I F P ) .  b) Position and o r i e n t a t i o n  of t h e  PDP and t h e  r a m  and secondary ion 
streams w i t h  r e s p e c t  t o  t he  Space S h u t t l e  O r b i t e r  a t  21 :14 :30  UT ( t h e  p o i n t  o f  normal ram current 
i nc idence ) .  

0 
d u r i n g  t h e  maneuver. Ln a d d i t i o n ,  secondary,  less PDP l o c a t i o n  by t h e  geomagnetic Eield [Shawhan 
i n t e n s e  (g reen )  ion streams occur  at h igh  a n g l e s  and Hurphy, 19831. 
of incidence.  These secondary streams also fo l -  A p l o t  of c u r r e n t  i n t e n s i t v  as a function of  
low t h e  PDP o r i e n t a t i o n  changes.  

The energy of t h e  ram and t h e  secondary ion 
streams were determined by r e t a r d i n g  p o t e n t i a l  a- 
n a l y s i s  t o  be approximately LO eV, vh ich  fnd i -  
cares t h e  PDP t o  be n e g a t i v e l y  charged t o  approx- 
imately -5 v o l t s .  (The ram energy of atomic oxy- 
gen a t  240 km a l t i t u d e  is about  5 eV.1 T h i s  is 
i n  agreement with t h e  expected emf gene ra t ed  be- 
tween t h e  main eng ine  nozz le s  ( t h e  o n l y  s i g n i f i -  
c a n t  conduct ing s u r f a c e  on t he  O r b i t e r )  and t h e  

t h e  a n g l e  oE a t t a c k ,  measu red -a t  21: lG:30 UT, is 
shorn in Figure  3. Xotice t h a t  t he re  a r e  cwo 
d i s t i n c t  i on  streams, t h e  ram tons  a t  +lo  degrees 
and t h e  secondary ion  stream a t  -54 deyrees. the 
r a t io  of t h e  secondary t o  ram c u r r e n t  i n t ens t t i e s  
is 0.08. The DIFP o b t a i n e d  d a t a  while deployed 
on t he  RMS d u r i n g  a t o t a l  of 17 periods. 9f 
t h e s e ,  secondary ion  streams s i m i l a r  co those 
shown i n  F igu re  3 were c l e a r l y  observed during L! 
p e r i o d s  ( o r  7 1 %  of  t h e  p e r i o d s ) .  The r a t io  of  

Fig.  2. Spectrogram of 3 ? - ? i n U t e  per iod from STS-3 mission day f o u r .  t h e  h o r i z o n t a l  ? x i s  1s 

(hr :min:sec) .  :he v e r t i c ~ L  a x i s  LS de€Lec t ion  p o t e n t i a l  ( v o l t s ) ,  and t he  ion c u r r e n t  is color  
in powers o f  ten (amps).  
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Fig.  3. Ion  c u r r e n t  v e r s u s  a n g l e  of a t t a c k  a t  
21: 14:30 UT. 

secondary  stream i n t e n s i t y  t o  t h e  ram c u r r e n t  in- 
t e n s i t y  ranged from 3% t o  20%. All o b s e r v a t i o n s  
were made when t h e  O r b i t e r  was in s u n l i g h t .  

Data o b t a i n e d  from a PDP-mounted+planar RPA a t  
21:14:30 UT gave v a l u e s  of t h e  0 d e n s i t y  and 
t e m p e r a t u r e  t y p i c a l  of  t h e  ambient  ionosphere .  
Moreover, t h e r e  was no i n d i c a t i o n  i n  t h e  RPA d a t a  
o f  t h e  secondary  i o n  streams observed  by t h e  DIFP 
d u r i n g  t h e  same per iod .  

D i s c u s s  i on 

The DIFP h a s  been used e x t e n s i v e l y  i n  t h e  
l a b o r a t o r y ,  and t h e  f l i g h t  i n s t r u m e n t  underwent 
r i g o r o u s  f u n c t i o n a l  t e s t i n g  and c a l i b r a t i o n ,  be- 
f o r e  and a f t e r  f l i g h t ,  i n  a s y n t h e s i z e d ,  c o l l i -  
s ionless  plasma stream w i t h  p r o p e r t i e s  similar t o  
t h o s e  of  t h e  i o n o s p h e r i c  plasma a t  t h e  O r b i t e r .  
While its a b i l i t y  t o  deconvolve m u l t i p l e  streams 
h a s  been w e l l  proven by d e l i b e r a t e l y  c r e a t i n g  
s u c h  tes t  c o n d i t i o n s ,  i n  no case has  t h e  i n s t r u -  
ment e v e r  s p u r i o u s l y  i n d i c a t e d  t h e  e x i s t e n c e  of 
secondary  streams when none e x i s t e d .  The complete  
PDP underwent t e s t i n g  i n  a plasma environment  a t  
t h e  Johnson Space C e n t e r  where no secondary  i o n  
streams should  have occurred--and none were found 
i n  t h e  DIFP data .  Fur thermore ,  no secondary  i o n  
streams were observed  by t h e  DIFP on t h e  P r o j e c t  
C e n t a r  sounding r o c k e t  f l i g h t s .  T h e r e f o r e ,  t h e r e  
's no r e a s o n  t o  i n t e r p r e t  t h e  STS-3 d a t a  as an  
n s t r u m e n t a l  e f f e c t .  Even though t h e  secondary  a on streams were found in an  unexpected r e g i o n ,  

t h e  D I F P  d a t a  c l e a r l y  i n d i c a t e s  t h e i r  p resence  
j u s t  as i t  has  i n  p r e v i o u s  l a b o r a t o r y  s t u d i e s  
where m u l t i p l e  streams were expec ted  and are w e l l  
u n d e r s t o o d  [ S t o n e ,  1981a.cI. 

The o b s e r v a t i o n  of secondary  i o n  streams nu- 
merous times, a t  s e v e r a l  p o s i t i o n s  w i t h  r e s p e c t  
t o  t h e  O r b i t e r ,  and f o r  s e v e r a l  d i f f e r e n t  plasma 
c o n d i t i o n s  s u g g e s t s  t h a t  t h i s  may be a r a t h e r  
g e n e r a l  phenmenon. The fact  t h a t  a 1 1  measure- 
ments were o b t a i n e d  i n  s u n l i g h t  does not  p r e c l u d e  
t h e  e x i s t e n c e  of secondary ion streams when t h e  
O r b i t e r  is i n  t h e  E a r t h ' s  shadow s i n c e ,  €or  t h i s  
c o n d i t i o n ,  no d a t a  was o b t a i n e d  wi th  t h e  DIFP-- 
p o s s i b l y  t h e  r e s u l t  of t h e  Orbi ter /PDP a t t i t u d e  
[Shawhan and Murphy, 19831 or lower i o n o s p h e r i c  
d e n s i t i e s  coupled w i t h  l i m i t e d  ins t rument  s e n s i -  
t i v i t y .  The r e l a t i v e  i n t e n s i t y  of 3% t o  20X of 
t h e  ambient ram c u r r e n t  may be i n d i c a t i v e  only  of 
v a l u e s  w i t h i n  t h e  l i m i t e d  range of t h e  measure- 
ments. The PDP was placed a t  r e l a t i v e l y  few po- 
s i t i o n s  and d i s t a n c e s  from t h e  O r b i t e r  d u r i n g  t h e  
STS-3 mission.  F i n a l l y ,  i n  a l l  c a s e s ,  it a p p e a r s  
t h a t  t h e  PDP was n e g a t i v e l y  charged ,  and t h e  e f -  
fect  of  t h e  e lectr ic  p o t e n t i a l  on t h i s  phenomenon 
is unknown. I t  w i l l ,  t h e r e f o r e ,  be of i n t e r e s t  
t o  i n v e s t i g a t e  t h e  p o s s i b l e  i n f l u e n c e  of body po- 
t e n t i a l  on f u t u r e  miss ions .  

The RPA p r o v i d e s  scalar  measurements of t h e  
i o n  f l u x  i n t e n s i t y  and energy. S ince  t h e  second- 
a r y  Lon streams and ram i o n  c u r r e n t  d i f f e r  sig- 
n i f i c a n t l y  only  i n  f low d i r e c t i o n  and i n t e n s i t y  
w h i l e  having e s s e n t i a l l y  t h e  same e n e r g i e s ,  it is 
not  s u r p r i s i n g  t h a t  t h e  RPA was unable  t o  observe  
t h e  secondary  streams. However, because or' t h i s  
l a c k  of s e n s i t i v i t y  t o  v e c t o r - r e l a t e d  e f f e c t s ,  
one n a t u r a l l y  wonders i f  secondary  ion  streams 
may occur  f o r  a l l  o r b i t i n g  s p a c e c r a f t ,  but  have 
s i m p l y  gone u n d e t e c t e d  in t h e  absence  of d i f f e r -  
e n t i a l  v e c t o r  i o n  f l u x  measurements. 

T h i s  s p e c u l a t i o n  is suppor ted  by previous  ob- 
s e r v a t i o n s  of  anomalous e f f e c t s  i n  t h e  near  v i -  
c i n i t y  of  o r b i t i n g  s p a c e c r a f t  which appear  to be 
a s s o c i a t e d  wi th  t h e  i n t e r a c t i o n  of t h e  s p a c e c r a f t  
w i t h  t h e  cerrestrial magnetoplasma. For  example, 
Henderson and Samir [ I9671 observed  s igni f iocant  
v a r i a t i o n s  of t h e  e l e c t r o n  f l w  w i t h i n  2 30 of 
t h e  ram d i r e c t i o n  of t h e  Ariel 1 s a t e l l i t e ,  and 
a n  enhancement of  t h e  e l e c t r o n  temperature i n  the 
wake r e g i o n  of t h e  E x p l o r e r  31 s a t e l l i t e  was re- 
p o r t e d  by Samir and Wrenn [1972]  and by Troy e t  
a l .  (1975 1. I n d i c a t i o n s  of plasma o s c i l l a t i o n s  
g e n e r a t e d  i n  t h e  wake r e g i o n  of  s p a c e c r a f t  have 
been r e p o r t e d  by Samir and Willmore [19651, based 
on d a t a  from Ariel 1, and by R a i t t  e t  a l .  [19831, 
based on d a t a  from t h e  STS-3 miss ion .  b d d i t i o n -  
a l l y ,  Shawhan and Murphy [1983]  and Shawhan e t  
a l .  [1983] r e p o r t  d i r e c t  o b s e r v a t i o n s  of e l e c t r o -  
s t a t i c  n o i s e  on t h e  STS-3 m i s s i o n ,  which is as- 
sumed t o  r e s u l t  from a n  i n t e r a c t i o n  between t h e  
O r b i t e r  and t h e  ionosphere  on t h e  b a s i s  of an 
a t t i t u d e  dependence. 

It  is h i g h l y  probable  t h a t  a l l  of t h e  above 
anomalous e f f e c t s  are products  of t h e  e l e c t r o -  
dynamic i n t e r a c t i o n  between s p a c e c r a f t  and t h e  
i o n o s p h e r i c  plasma. I f  so, i t  may be p o s s i b l e  
t h a t  t h e y  are  i n t e r r e l a t e d ;  i.e., secondary ion  
streams may g e n e r a t e  o s c i l l a t i o n s  which h e a t  t h e  
e l e c t r o n s  a n d / o r  produce e l e c t r o s t a t i c  n o i s e  v i a  
a two-stream type  i n s t a b i l i t y ;  or, t h e  s e c o n d s r y  
streams may be involved  i n  s e t t i n g  up plasma in- 
s t a b i l i t i e s  of t h e  type  sugges ted  by Pspadopoulos 
and KO (19831. However, w i t h o u t  f u r t h e r  d e l i n e -  
a t i o n  of t h e  s p e c i f i c  e f f e c t s  of plasma parame- 
ters ,  s p a c e c r a f t  p o t e n t i a l  and a t t i t u d e ,  measure- 
ment l o c a t i o n  wi th  r e s p e c t  t o  t h e  O r b i t e r ,  and 
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s u n l i g h t ,  it is d i f f i c u l t  t o  d e t e r m i n e  t h e  source 
o r  t h e  govern ing  mechanisms of t h e  secondary  ion 
streams, or t h e i r  r e l a t i o n s h i p  t o  o t h e r  plasma- 
e lec t rodynamic  i n t e r a c t i o n  e f f e c t s .  It is poss i -  
b l e  t h a t  much o f  t h e  r e q u i r e d  i n f o r m a t i o n  may be 
for thcoming f r a a  t h e  S p a c e l a b  2 mission. 
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Plasma Diagnostics Package Initial Assessment 
of the Shuttle Orbiter Plasma Environment 

Stanley D. Shawhan,’ Gerald B. Murphy,? and Jolene S. Pickettt 
University of Iowa. Iowa Ciry, Iowa 

.4 primary objective of the Plasma Diagonostics Package (PIjP) on the third Space Shuttle flight (STS-3) was 
to assess aspects of the Orbiter’s induced gaseous. plasma and electrical environment with respect to the conduct 
of scientific investigations. Instrumentation temperatures were fnund to he within predicted limits. payload bay 
pressure varied from ambient ( I D - 7  Torr) up to almost IO-’ Torr with thruster firings. electromaRnetic in- 
terference (EMU levels were found to be below worst-case estimates but included Orbiter-induced electrostatic 
noise. and Orbiter potential was consistent to first order with V x  B motional potentials varying * 5  V with 
respect to the plasma. Electrostatic noise. neutrnl pressure and potential all exhibited orbit-period modulation. 
Payload bay plasma varied in density and composition from ambient to a rarefied mixture with Orbiter- 
produced HLO’. Energetic electrons and ions with energies up to IO’S of electron volts were observed oc- 
casionally. Primary and vernier thrusters typically induce a momentary perturbation to the electron density. to 
the pressure. and to the electric field and spacecraft potential with low-eneriy ions and electrons occasionally 
observed. With the PDP on the remote manipulator system (HMS). hoth automodc and manual modes were 
used to seek sources of EMI. lo characterize the Orbiter’s plasma wake, and to measure beam-plasma 
phenomena. 

Introduction 
URINC March 22-30, 1982. PDP was flown on STS-3 as D part of the Office of Space Science first science payload 

(OSS-I).’ A photograph taken of the OSS-I pallet con- 
figuration during the STS-3 mission can be found in Ref. 8 
also in this issue. 

The purpose of this paper is to report the initial results of 
one of the principal technical objectives of the PDP which was 
to measure the thermal, pressure, electromagnetic, and 
plasma environment found on-orbit both in and near the 
Orbiter bay. A summary of results from the science objectives 
can be found in Ref. 2. 

Sensors for measurement of these environmental para- 
meters are identified on the PDP in Fig. I .  Detailed mea- 
surement parameters and measurement ranges for the various 
PDP instruments are listed in Table I .  Most of these in- 
struments and sensors were either flight spare units from 
previous NASA programs such as IMP, HELIOS, and ISEE 
or were built from spare parts with modified designs from 
earlier sounding rocket programs, ISEE and SCATHA. 

Thermal Environment 
The STS-3 flight test mission was designed as a mission of 

thermal extremes in order to evaluate the operation of the 
Orbiter. A 23-h tail-to-sun and an 80-h nose-to-sun attitude 
exposed the payload bay to continuous dark conditions and 
cold extremes. The hottest possible conditions were obtained 
from the top-to-sun attitude which was sustained for 26 h. 

Since the PDP unit was not coupled to a coldplate, part of 
the freon cooling loop, it responded to these temperature 
extremes in a manner representative of a large payload 
element. Thermal control of the PDP was carried out with 
internal thermostatically controlled heaters, external 
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multilayer thermal blankets, and external radiating (taped and 
painted) surfaces.> 

Even with the thermal environment extremes, the minimum 
and maximum temperature values stayed within the desired 
operating limits. Operating limits and observed temperature 
values for a few monitoring points, including an interface 
electronics box which was on a coldplate, are given in Table 2. 
The release/engagement mechanism (REM) allows the PDP 
to be separated from the pallet. 

e 
Pressure Environment 

Included as part of the PDP instrument complement is a 
colimated and baffled cold cathode ionization pressure gage 
with a dynamic range of IO-’ to IO-’ Torr. The pressure gage 
operated any time the PDP was activated so that the pressure 
environment was monitored during most of the STS-3 
mission. At OSS-I pallet turn-on at MET 00:04:45 (days: 
hoursminutes) the pressure was IO -’ Torr: it took nearly 24 h 
to outgas to the ambient level for 240 km altitude of IO-’ 
Torr. 

On MET days 2, 3, 4, and part of 5 ,  the most prominent 
feature is the modulation of the apparent pressure between the 
ambient level for 240 km altitude of Torr up to I O - ’  
Torr. This distinct modulation which is shown in Fig. 2 for 
part of MET days 2 and 3, occurs during the nose-to-sun 
attitude with the Orbiter rolling at two rolls per one orbit (2x  
orb rate). However, the modulation is at the orbit rate and not 
at the roll rate. A sketch of the STS-3 nose-to-sun orbit 
configuration is given in Fig. 3. The ascending node occurs 
when the Orbiter crosses the equator going toward the north. 
At this point, the Orbiter attitude is such that the atmospheric 
gases are ramming into the Orbiter bay. As the Orbiter 
continues to high latitude and then toward the descending 
node at night, the Orbiter completely blocks the flow into the 
bay and a wake attitude predominates. This ram-to-wake-to- 
ram sequence is cyclic at the orbit period. Note in Fig. 2 that 
the maximum apparent pressures occur at the ascending node 
under maximum ram conditions. Even during the periods 
when the PDP is deployed on the RMS (see periods of 
“periodic FPEG emissions” on day 03) the pressure 
modulation trend persists. Perturbations are caused by the 
fast pulse electron generator (FPEG) electron beam 
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Fig. I 
by the PDP. 

Identification of Ihe various sensors and instruments carried 

Table 1 OSS-I PDP instrumentation and measurements 

Low-energy proton and electron differential energy analyzer 
(LEPEDEA) 

Nonthermal electron and ion energy spectra and pitch angle 
distributions for particle energies between 2 and 50 36 keV. 

Magnetic fields with a frequency range of IO Hz to 178 kHz. 

Elecrron flux 109-10t4 electrons/cm' s. 

Spectra with a frequency range of IO Hz to I GHz. 
Electric field strength at S-band. 2.2 GHz.  

Analog electric and magnetic fields in three I O  kHz bands to 30 
kHZ. 

Electric fields in one axis from 4 mV/m IO 4 V/m. 
Spacecraft potenrial t 8 V .  

Vector magnetic fields from 12-mG to 1.5 G. 

Thermal electron densities between IO? and IO' cm -'. 
Densiiy irregularities with frequencies of i Hz to 178 kHz. 

Ion number density from 10' to IO- cm !. 
Energy distriburion function belon 16 eV. 
Directed ion velocities up to 15 km,,s. 

Mass ranges of 1-64 amu. 
Ion densiIies from 20 to 2 x 10' ions cm '. 
Ambient pressure from to 10.- Torr. 

ac magnetic wave searchcoil sensor 

Total energetic electron nuxemeter 

ac electric and electrostatic wave analyzers 

Wideband receiver 

dc electrostatic double probe with spherical sensors 

dc triaxial fluxgate magnetometer 

Langmutr probe 

Retarding potential analyzer/differentiaI ion flux probe 

Ion mass specrromeier 

Pressure gage 

operations and by attitude changes of the PDP by the RMS. 
Figure 2 also illustrates that attitude control thruster firings 
produce short-duration pressure increases of typically an 
order of magnitude. 

Xlore detailed pressure plots for selected hours are shown in 
Fig. 4. For Figs. 4a and 4b the PDP is deployed on the RMS 
and is being rotated through 360 deg so that the pressure gage 
is alternatively directed close to the incoming gas flow (ram 

MET DAY 02 3 ul 
v) W 

E 4- FPEG EMJSSIONS 

MET DAY 03 

Fig. 2 
02) and on RMS (day 03). 

Sample pressure data fur the STS-3 mission both in bay (day 

NP 

SP 

Fig. 3 
rate. 

STS-3 now-to-sun attitude with the Orbiter roll at 2 x orbit 

Table 2 Omratinn limits vs observed temmrature values 

Location 

Observed 
Desired limits low/high. 
lowlhigh. 'C 'C 

~~ ~~ 

PDP instrument deck - 30/ + 50 - 2 a ,  +SI 
EGF connector housing - 651 + 135 - 3 8 a / / 5 3  

- 13/+40 REM srructure - 7 5 / +  150 
Electronics box on coldoiaie - 30/ + 40 +', 15 

'Lou balucr conirolled by thermosiaiic heaierr i n  ihe - 32 io - 37-c ranee 

condition) and away from the flow (wake cor.dition). A 
general increase in pressure is seen near the ascending node 
point but the pressure is modulated by the gage rotation. 
Consequently, the I O "  Torr value cannot be due I O  a per- 
vasive bay pressure of IO - $ Torr. The gage is baffled so that it 
is not subject directly to ram effects of neutrals or  ions. In a 
ram condition, it is possible for the dynamic pressure near the 
gage surface on the PDP to be a factor of 20 to 50 above the 
ambient value," but a factor of up to 200 i s  observed (see Fig. 
4a or  4b). 

I t  i s  believed that the measured pressure must be indicative 
of a surface chemical effect due to  atomic oxygen reacting at 
the spacecraft surface near the pressure gage. thus causing a 
higher density gas layer. When the PDP is pointed away from 
the rani direction or when the Orbiter blocks the oxygen no\\ 
IO the surface near the gage, the gas layer is not formed and 
ambient pressure is measured. This hypothesis is supported b! 
the TV and photographs taken during dark. periods. Surl'aces 
of the Orbiter subject to the atmospheric ram are observed to 
glow. This resultant glow layer appears to be 20-50 cm 
thick. 5 .  Ill Papadopoulos" theorizes that this thichness \vi11 be 
approximately 10-20 cm. which is fairly consistent uith the 
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observations. Also, the electron beam from the FPEG is not 
distinctly visible except within about 50 cm of the FPEG 
aperture-again suggesting a low ambient bay pressure but an 
enhanced pressure (gas layer) near the surface at the FPEG 
aperture. 

Atomic oxygen ram surface effects are definitely not the 
cause of the pressure increases shown in Figs. 4c and 4d. 
Figure 4c includes a period on MET day 5 at 05:08 h when 
the bay doors are completely closed. In this case, the bay 
pressure rises to 4 x  10.' Torr probably due to outgassing of 
the payload elements and gas leaks into the bay itself. This 
value is consistent with that measured by the neutral mass 
spectrometer which was included in the induced environment 
contamination monitor (IECM.1). During a rustained test firing 
of primary reaction control system (PRCS) thrusters, Fig. Jd 

shows a pressure rise to 3 x IO-' Torr for the I .S-min firing 
period. Evidence of the short vernier thruster control system 
(VRCS) firings are also seen at 22:30 and 22:32. Additional 
effects of thruster firings are discussed in the section on 
thruster perturbations and Ref. 7. 

Orbiter Electromagnetic Wave Environment 
The PDP is equipped with wave receivers which measure 

electric field emissions from a few hertz through S-Band and 
magnetic field emissions from a few hertz to 200 kHz. 
Emissions are due to Orbiter and payload subsystems, Or- 
biter-induced plasma perturbations. natural ionospheric 
plasma waves, and operation of the FPEG electron beam. 

Details of the performance characteristics for the PDP 
receiver systems are given in two companion 
Measurements of the Orbiter and payload background EM1 
levels indicated that the upper Orbiter limits were not ex- 
ceeded at any frequency for the broadband electric field or 
narrowband magnetic field. 

A ubiquitous electrostatic background noise dominates the 
electric field spectrum from 30 Hz to 178 kHz with a peak in 
the spectrum at 300-500 Hz of 130 dB pV/m/MHz. The noise 
is thought to be Orbiter-induced due to the motion of the 
Orbiter through the ionospheric plasma since the noise 
variability exhibits a marked orbit periodicity. Figure 5 
illustrates this variability at a frequency of 3.1 kHz chosen 
because of its representative nature. The brief dropouts of the 
noise occurred when the payload bay was most nearly in the 
wake attitude near the descending node of the orbit. This 
noise is observed to be enhanced by -20 dB during thruster 
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Ion currents collected while the PDP was on the extended 

firings and by -40 dB during operation of the FPEG and to 
be increased by water dumps at night. No theory for the 
source of this noise has yet been confirmed. More details of 
the electromagnetic environment are found in Refs. 8 and 9. 

Plasma Environment 
The plasma environment of the Orbiter is monitored using 

three instruments-the ion mass spectrometer (IMS) which 
gives the thermal ion composition and density. the combined 
retarding potential analyzer/differentiaI ion flux probe 
(RPAIDIFP) which measures ion energy and analyzes 
directional ion flow, and the low-energy proton and electron 
differential energy analyzer (LEPEDEA) which detects the 
pitch angle and flux of energetic suprathermal electrons and 
ions.' 

Measurements of the thermal ion composition are given in 
Figs. 6a and 6b for the cases of the PDP in the payload bay 
and on the RMS, respecrively. The log current scale is directly 
proportional to density. In both cases the expected ambient 
ionospheric components of 0'. NO' are observed. How- 
ever, the H20 + must be produced by the Orbiter since i t  is not 
naturally present in the ionosphere. I t  could be that H 2 0 '  is 
ionized H,O from water dumps and flash evaporator 
operations, that i t  comes from water absorbed by the Or- 
biter's surface tiles, or that i t  is produced with the atomic 
oxygen surface reaction. There is some evidence of increased 
H,O' concentrations after the flash evaporators have been 
operating for some extended period of time or during water 
dumps on thedark side of the orbit. Although NO+ is ex- 
pected as a natural ionospheric constituent, i t  appears to be 

0 I 2  3 4 5 6 I 8  9 IO 
FPEG 

THRUSTERS 
VERNIER 
PRIMARY 1 I . , . . . . . 

02:20 02'30 
MET DAY 5 

Fig. 7 Sample of PDP measurements indicating the pressure and 
plasma effects of thruster firings. 

enhanced during and just after thruster firings (Fig. 6b). This 
is expected since NO' is a primary ion constituent of the 
plume.' 

The marked decrease in density seen in Fig. 6b (greater than 
or equal to five orders of magnitude) occurs as the Orbiter 
moves into darkness and into the wake condition. 
Measurements with the RPA and Langmuir probe on the PDP 
and the spherical retarding potential analyzer and Langmuir 
probe of the vehicle charging and potential (VCAP) in- 
vestigation confirm this marked decrease in plasma density 
within the payload bay.I0 Since the Orbiter is large compared 
to a thermal ion or electron gyroradius and is moving at a 
speed of Mach 5 to 7, a very significant plasma wake is ex- 
pected behind the Orbiter. 

When the PDP is deployed on the RMS, the direction of ion 
flows are detected by the DIFP instrument. In some cases the 
DlFP detects two flows of ions coming from different 
directions.!: One beam seems to come from the velocity 
vector as expected, the other, at an angle of typically 30 deg to 
the first, is as yet unexplained. The RPA observes mean 
energies of the bserves mean energies of the ions of IO eV. 
Assuming that the predominant ion is 0 * as seen by the IMS, 
only 5 eV of the 10 eV would be due to the kinetic energy of 
the 0' ion as i t  flows into the Orbiter; the other 5 eV gives 
further evidence that the PDP and Orbiter are charged 
negatively with respect to the ambient plasma by at least 5 V 
(see next section). 

On occasion energetic plasma is observed with the 
LEPEDEA (without electron gun operation). Ions are ob- 
served with energies up to 30 eV which are sometimes con- 
current with the ion beams. More frequently, energized 
electrons are observed with energies up to 80 eV on the 
dayside of the orbit. The energetic electrons may be 
photoelectrons emitted from the Orbiter and PDP surfaces 
since they are observed predominately on the sunlit parts of 
the orbit. However, the energy spectrum is not that expected 
for photoelectrons and is not yet explained. Current work 
seeks evidence for a significant plasma sheath or evidence to 
support a beam-plasma interaction. 
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Orbiter Potential 
On the PDP a measurement is made between the average 

potential of the two 20-cm-diam spheres and the PDP circuit 
common which is the same as the Orbiter circuit common. 
This potential is found to vary up to * 5  V with the orbit 
period.” This potential variation is observed even when the 
presence of energetic plasma (see previous sections) suggests 
that the Orbiter may be surrounded by a large potential 
sheath. Therefore the variation must be caused locally. 

All of the Orbiter is covered primarily with thermal in- 
sulating tiles or other nonconducting material except for 30 
m: conducting area on the main engine farings. Therefore, 
the potential variation has been compared with Y x f 3 . I .  
motional potential due to the Orbiter velocity Y (modeled 
from the Fig. 3 orbit geometry) through the Earth’s magnetic 
field B.  The distance L is taken to be from the engine farings 
to the PDP. This simplistic model explains to first order the 
potential variation observed. Significant deviations from this 
model occur duing electron gun operations (causing a positive 
potential) and during thruster firings. 

Thruster Perturbations 
Thruster firings are necessary to change the Orbiter attitude 

as well as to maintain a specified attitude within a deadband. 
On the STS-3 mission there were more than 40,OOO thruster 
firings. Thirty-eight 870-lb thrusters make up the PRCS and 
six 25-lb thrusters make up the VRCS. Effects of the thruster 
firings can be seen with several of the PDP detectors. A 
sample of these effects is given in Fig. 7 for a IO-min period 
during which time several PRCS thrusters fired. Note that the 
PDP provides a resolution of 1.6 s for most measurements 
which is longer than the typical 80 ms thruster firing period. 

The Langmuir probe. which responds to variations in the 
electron density in the vicinity of the PDP, sees a significant 
perturbation with frequency components in the 0-40 Hz range 
when thrusters fire. Coincident with the thruster firing is an 
increase in the intensity of the electric field from 30 Hz to 
above I O  kHz-the I kHz response is representative in Fig. 7. 
Increases by two orders of magnitude up to 0.1 V/m are 
observed. Frequently low-energy ions or electrons or both are 
observed to change fluxes with the LEPEDEA. For example, 
in Fig. 7 both decreases and increases in the 21 eV ion flux are 
observed although the 46 eV electron flux shows only oc- 
casional decreases. Pressure spikes with peak values up to 
IO ‘ Torr are occasionally observed associated with some of 
the thruster firings (see also Figs. 2 and 4). The spacecraft 
potential (SC POT) shows a 2-V change with each thruster 
sequence and the electric field in the vicinity of the PDP in- 
dicates perturbation up to I V/m. Similar effects are 
associated with some of the VRCS thruster operations. 

The mechanism or mechanisms which produce these effects 
have not yet been determined. A more detailed investigation 
of thruster effects and an examination of their causes are 
presented in Ref. 7. 

Summary 
Operation of the PDP at its pallet location and on the RMS 

provides a reasonably comprehensive set of measurements on 
the thermal. pressure, electromagnetic. and plasma en- 
vironment that is experienced by a payload element on the 
Orbiter. Thermal extremes are moderate. The payload bay 
reaches the 10.’ Torr ambient pressure of the atmosphere 
only with the payload bay in wake condition. A gas layer of 
pressure up to I O  - ‘ Torr seems to be associated with surfaces 
that are bombarded with the atmospheric gases. Pressure 
increases well above ambient are observed with the payload 
bay doors closed and during thruster operations. Orbiter- 
generated EM1 is below the Orbiter specification limits. 

However, an intense electrostatic broadband noise is observed 
which may be the result of an Orbiter-plasma interaction. 
Orbiter-produced H 2 0  + ions are observed with densities 
comparable to the ambient ions. Energetic ions and electrons 
with energies up to IO’S of electron volts are seen occasionally; 
i t  is suggested that under some conditions the Orbiter is 
Furrounded by a plasma sheath. With or without the sheath. 
the Orbiter exhibits a motional potential which varies f 5 V 
over an orbit. Thruster firings perturb the electron density, 
electrical, and energetic particle environment of the Orbiter 
but the mechanisms for these effects have not yet been 
determined. 

In general. the Orbiter provides a friendly platform from 
which to carry out plasma-related experiments and in fact its 
motion through the ionosphere is itself an interesting plasma 
experiment. To minimize some perturbing effects during 
sensitive experiments the attitude and orbit location needs to 
be specified and the thruster system disabled. Awareness ot’ 
the operation o i  the tlash evaporator system and/or H’ater 
dump cycles may also be important for some experiments. 
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Measurements of Electromagnetic Interference 
on OV102 Columbia Using the Plasma Diagnostics Package 

Stanley D. Shawhan' and  Gerald B. Murphyt  
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and 
Dwight L. Forma$ 

NASA Goddard Space Flight Center, Greenbelt, Maryland 

The Plasma Diagnostics Package (PDP) of the Office of Space Seience-I (055-1) payload included a com- 
plement of receivers covering the frequency range of 30 Hz to 800 MHz and S-band at 22001 150 MHz to assess 
the intentional (transmitter) and unintentional (subsystem) electromagnetic interference (EMU levels on the 
Space Shuttle Columbia's STSJ mission. The following results were noted: at the pallet location. the uhf voice 
downlink transmitter field strengths did not exceed 0.1 V/m: on the remote manipulator system (RMS) arm the 
PDP measured less than 0.5 V/m: above 300 kHz Orbiter subsystem noise was not detected at the receiver noise 
levels (80 dBpV/m/MHz) which was well below the Interface Control Document (ICD) specification limits for 
the Shuttle: below 300 kHz the magnetic field noise was 30 dB pT *LO db (due to power converters and 
clocklines) also below the worst-case specifications: below 300 kHz the electric field noise was broadband and 
variable over at least 60 dB dependin8 on thruster firings and Orbiter attitude. This noise may have been 
generated by the Orbiter interaction with the ambient plasma: emissions stimulated by the 05S-l fast pulse 
electron generator electron beam were - 20 d 6  above Orbiter associated levels at all frequencies < 60 MHz. 

Introduction 
SERS of the STS Space Shuttle are concerned about the U possible high levels of electromagnetic interference 

produced by the Orbiter subsystems. Interface Control 
Document curves for the worst-case electric field and 
magnetic field emissions are available in Ref. I .  Especially for 
space plasma investigations, which make use of sensitive 
plasma wave receivers.z emissions at the ICD specification 
limits would limit the dynamic range of the potential ex- 
periments. Because of these concerns, early measurements of 
the OVlOl (Enterprise) EM1 levels were carried out during the 
Orbiter's hardware development phase. Although the 
measurements were not complete in frequency range and did 
not include all on-orbit operating subsystems, the levels 
detected in the I O  MHz to 10 GHz range were significantly less 
than the proposed ICD worst-case specifications.' Con- 
sequerctly, the ICD specifications were revised downward in 
this frequency range.' 

One of the primary objectives of the Office of Space 
Science-I (OSS-I) Plasma Diagnostics Package on the third 
Shuttle mission was to measure the radiated EM1 of the 
Orbiter Columbia on orbit, to interpret these measurements in 
terms of possible sources, and to compare these levels with the 
ICD worst-case specifications.' This report presents the 
results of an initial analysis of the PDP measurements from 
the STS-3 mission in March 1982. Some additional aspects of 
the Columbia EM1 environment are available in other 
references. J.6 
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Description of PDP Receiver Systems 
Sensors for the detection of magnetic and electric wave 

fields are identified in Fig. 1 which is an on-orbit picture of 
the OSS-I pallet. Two spheres of 20 cm diameter, separated 
by 1.6 m, make up the electric dipole antenna which is utilized 
from dc to 20 MHz. For frequencies in the range 20-2300 
MHz. a broadband single polarization horn antenna is used. 
The searchcoil sensor is used to detect the magnetic field 
component of electromagnetic waves from 30 Hz to 178 kHz. 
The Langmuir probe is sensitive to fluctuations in the electron 
density (plasma oscillations) over a frequency ranging from 
dc to 178 kHz. 

A block diagram of the PDP sensors and associated 
receivers is shown in Fig. 2. One very low frequency (VLF) 
range spectrum analyzer from the NASAlIMP program is 
switched between the electric dipole, the searchcoil and the 
Langmuir probe sensors every 51.2 s to provide 16 channels of 
VLF spectra-30 Hz to 178 kHz. In addition, the waveform is 
preserved in the wideband receiver (WBR) and these analog 
data are included in the PDP data stream. The WBR switches 
IO kHz bands sequentially covering 0-10, 10-20. and 20-30 
kHz for each sensor. A second VLF receiver from the 
HELIOS spacecraft program (VLF-HELIOS) is always 
connected to the electric dipole giving a redundant peak and 
an average spectrum of the electric field every 1.6 s. Both 
spectrum analyzers have channels spaced logarithmically in 
frequency at fourldecade with a 3.1, 5.6, IO, 17.8 center 
frequency sequence and a ?= 15% bandwidth. 

The electric dipole also drives the medium frequency 
receiver (MFR) which covers 316 kHz to 17.8 MHz in eight 
channels also spaced logarithmically in frequency at 
four/decade with a *30% bandwidth. This MFR shares a log 
detector video amplifier with the high frequency receiver 
(HFR) which has four broadband channels spanning the 
range 20-800 MHz. Both peak and average spectra are ob- 
tained from the MFR and HFR every 1.6 s. The HFR as well 
as the S-band receiver makes use of the horn antenna. This 
horn antenna i s  a broadband, folded, tapered dipole which 
was designed by the U.S. National Bureau of Standards in 
Boulder, Colorado. For redundancy purposes, S-band field 
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strengths are also measured by a linear detector covering the 
range ’1-72 V/m in a frequency band of 2200* 150 MHt. 
Details of the S-band receiver and results are given by Murphy 
and Shawhan.’ 
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Fig. 2 Block diagram of the PDP 
wave sensors and receivers. 

Overview of Orbiter ac Electric Field Environment 
Figure 3 depicts in one 30-min time interval an example of 

the different types of electric field noise typically seen by the 
PDP. The 16 channels of the VLF spectrum analyzers are 
shown (VLFR-HELIOS), eight channels of the MFR, and 
four of the HFR. S-band results are discussed in detail in Ref. 
7 and are not shown here. Note the scale is logarithmic in 
amplitude with 100 dB dynamic range for the VLFR and 80 
dB for the MFR and HFR. Details such as minimum sen- 
sitivity level of each channel are given in Table 1 and are 
useful for getting an order of magnitude estimate of the field 
strength from the figure. 

Several phenomena are evident in Fig. 3. The short bursts 
of noise at 04:37 and 04:39 result from attitude control 
thruster firings. The general decrease in noise at all VLF 
frequencies between 04:36 and 04:40 is a result of the PDP 
being situated in the Orbiter wake. The increase in noise at all 
VLF frequencies and the bursts of noise in the MFR between 
04:40 and 0451 illustrate the effect of firing the 100 W 
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I 
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electron gun (FPEG) which was part of the vehicle charging 
and potential (VCAP) experiment. The PDP rotation which is 
evident y the change in magnitude of one magnetic field 
compontnt plotted along the top of the figure shows that 
there is a certain degree of polarization to the waves in the 
MFR but less in the VLFR. 

The uhf transmitter is detected when keyed on and registers 
in the 271 MHz channel. Only this uhf transmitter and an 
occasional ground transmitter are observed above the plasma 
frequency which is approximately IO MHz for the ambient 
ionospheric plasma density at the Orbiter’s altitude. The next 
figures and text section examine some of these observations in 
more detail. 

Electric Field Details 
Figure 4 illustrates further that the broadband electrostatic 

noise is extremely variable in amplitude. There is a 60-80 dB 
variation in intensity over a period of approximately IO min. 
The noise seems most certain to be generated by the Orbiter as 
it flies through the plasma9 and is strong, but variable as long 
as the PDP is not in the Orbiter’s wake. When in the deep 
wake, the noise disappears entirely and it  is encouraging to 

ELECTRIC FIELD ENVIRONMENT 

3 0  35 40  45 50 55 60 

MET QN 04 HOUR 04 

Fig. 3 Overview of the STS3 Orbiter electric field environment as 
detected with the POP. 

note that at this time no Orbiter subsystems, whose EM1 may 
previously have been masked, are evident at any frequency. 

Figure 5 presents data taken during a time when the 
payload bay doors were closed for several minutes. Note that 
the broadband electrostatic noise is gone and only very low 
level signals are seen, which is further evidence of the relative 
cleanliness of the vehicle from an EM1 standpoint, and that 
the broadband electrostatic noise is generated externally. 

Another important phenomenon in Fig. 5 is the high 
frequency of thruster firings. Figure 3 leads one to believe that 
attitude thruster events are infrequent: however, Fig. 5 
presents data which is much more typical. These noise spikes 
actually last for several seconds and in a typical IO-min in- 
terval will occur from 1 to 10 times depending on the dead- 
band setting of the autopilot. A detailed discussion of thruster 
plasma effects is available in Ref. IO. 

In summary, electric field spectral characteristics are 
always dominated by noise from an Orbiter-plasma in- 
teraction or  attitude control system thruster firings. 

Magnetic Field Observations 
Figure 6 is a reproduction of the WBR data from dc to 30 

kHz. Note again evidence that a typical pallet measurement of 
electric field noise is “white” even with the payload bay doors 
closed. Only at very low frequencies is there any spectral 
content evident and then only when the automatic gain 
control has turned on maximum receiver gain. The magnetic 
component however indicates the “line spectra” nature of 
emissions detected by the searchcoil. Some, but not all lines 
have been identified and arc invariably associated with in- 
strument power converters or the 400 Hz ac Orbiter bus. The 
frequencies that are present change as instruments and 

e VLF ELECTRIC FIELD SPECTRUM 

PAY LOA0 MET DAY OO HOUR 05 
IN WAKE 

Fig. 4 
decrease. 

Variability of electrostatic noise with plasma wake associated 

Table I POP wave receiver characteristics 

Saturation level, 
Center dB gV/m Sensirivicy, 

Receiver frequency Bandwidth (at 5 V out) dB/V 

VLFR I .  1 7 8 . 3  1 . S  6 f 15% I20 20 
in log sequence from 

31 Hz to 178 kHz 

in log sequence from 
311 k H z t o  17 8 M H z  

MFR I .  1 7 8 . 3 . 1 . 5  6 * 30% I50 16 

HFR 40 MHz 3-65 U H Z  I72 16 
100 M H z  65-165 U H Z  161 
250 M H z  165-Joo MHz I53 
600 M H r  400-800 MHz I 5 2  

tJhPhfT4 ‘ i  :e 1y 
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systems cycle on and off. The next section discusses the 
amplitude of these emissions. e 

Comparison to ICD Specifications 
By searching the periods of time while the PDP was stowed 

on the pallet, values for the minimum (solid circles) and the 
maximum electric field (open circles) noise levels have been 
obtained and are displayed in Fig. 7. These values are 
calibrated in microvolts per meter and normalized to a 1 MHz 
bandwidth. The receiver channels and dynamic ranges are 
also indicated by the vertical boxes. Also plotted for com- 
parison are the broadband electric field limits for the Shuttle 
itself and for a payload. Extrapolations are shown below the 
14 kHz spec limit. When the FPEG is not operating, the 
maximum level (open circles) does not exceed the payload 

17.8 
10.0 
5.6 

w’ 3.1 
2 1.m 

. I 7 8  
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Fig. 5 
c l o d  and is more intense during thruster firings. 

Electrostatic noise disappears when the payload bay doors are 

ELECTRIC I MAGNETIC I 
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limit above 14 kHz. When the FPEG operates with the PDP 
manipulated by the RMS to be in the beam, the levels are 
increased by -20 dB in the VLF range as indicated by the 
triangles. This situation of course would not occur in a typical 
mission. 

Narrowband magnetic field strengths are much less variable 
(*IO dB) from the minimum (solid circles) to maximum 
(open circles) observed levels as seen in Fig. 8. These levels are 
not Orbiter-attitude dependent and unlike the electric field 
emissions, the levels were higher with the payload bay doors 
closed. I t  is surmised that the magnetic field levels are due to 
Orbiter subsystems which should be slightly time dependent as 
systems turn “on/off.” All subsystem and payload levels fall 
well below the Orbiter specifications limit up to 50 kHz. 

When the FPEG operated, the magnetic levels did increase 
by as much as 30 dB in the frequency range 1-100 kHz. 
However, these emissions were due primarily to the wave 
stimulation which produced induction fields in the kHz range 
and at harmonics. Only at 30 kHz and above did these fields 
exceed the specification limits. 

One filter channel of the PDP HFR covered the band of 
165-400 MHz which included the 295 MHz frequency of the 
uhf voice downlink transmitter. As discussed previously, 
when this transmitter was keyed “on” and connected to the 
Orbiter upper antenna, a signal was detected by the PDP (Fig. 
3). These measured peak field strengths were always below 0.5 
V/m with the PDP on the RMS at 8 m from the radiating 
antenna and below 0.1 V/m at the PDP pallet location which 
was 13 m from the radiating antenna. These levels are well 
below the 2 V/m radiated susceptibility field strengths an- 
ticipated in this frequency range. 

At S-band, the 150 W data downlink transmitter (2287.5 
MHz) can produce fields which are modeled to be 49.6 
V/m/R (with R distance in meters) in the beam of the selected 
“quad” antenna.’ Even at many meters, these fields could be 
at damage level for payload instruments or for satellites being 
manipulated by the RMS. The SBR was especially designed to 
measure the field strengths in and around the payload bay. A 
detailed report on these measurements and models is given by 
Murphy and Shawhan.’ 

Summary 
Receivers on the Plasma Diagonostics Package covering the 

frequency range from a few hertz to 2 GHz for electric fields 
and from a few hertz to 200 kHz for magnetic fields 
monitored the Orbiter Columbia and the OSS-1 payload on 
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Fig. 6 Detailed spectra of elcrlric and magnetic field noise in the frequency range of 0-30 kHz. 
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Minimum and maximum electric field 

discovered to be generated by the Orbiter’s motion through 
the ambient ionospheric plasma and dominated electric field 
spectra . 

The Plasma Diagnostics Package is scheduled for a reflight 
in 1985 as part of the Spacelab-2 mission on STS-24. I t  will 
make measurements at its pallet location, on the RMS, and as 
a free-flying satellite. Several upgrades are being im- 
plemented. A Ku-band has been added to measure the field 
strength in and around the payload bay at ranges of 100 m to 
2 km from the Orbiter. Within the Ku-band transmitting 
antenna beam fields up to 275 V/m are predicted. The S-band 
receiver is to have a dedicated horn antenna and a wider 
dynamic range receiver. The high frequency receiver is to be 
eliminated in order to improve the time resolution and the 
sensitivity of  the medium frequency receiver. Both the MFR 
and the two VLF receivers will have improved sensitivities 
since the dipole antenna will have a tip-to-tip length of ap- 
proximately 4 m when the PDP is in the free-flyer con- 
figuration. The MFR will also have a 20 dB gain preamp 
which will increase its sensitivity further. 

Many of the STS-3 measurements will be repeated to verify 
the general results, to determine differences in EM1 levels with 
the  Spacelab payload, and to explore hypotheses about the 
noise sources. In addition, more comprehensive measure- 
ments of emission from the FPEG electron beam will be made 
out to a range of 2 km from the Orbiter. 
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Fig. 8 
magnetic field strength at the PDP pallel location. 

Minimum and maximum values of the narrowband wave 

[lie STS-3 Shuttle mission. Under nominal operating con- 
ditions, the Orbiter and payload systems emissions did not 
exceed the ICD worst-case specification limits. When the 100 
W fast pulse electron generator was operated, emission levels 
increased by 20-30 dB probably due to induction fields from 
the electron beam. Even these intentional emissions were 
within acceptable limits. 

A broadband electrostatic noise with fields up to 10 dB 
V/m/MHz in the range from 30 Hz to 100 kHz was 
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Radio Frequency Fields Generated 
by the S-Band Communication Link on OV102 

Gerald B. Murphy' and Stanley D. Shawhant  
University of Iowa, Iowa City, Iowa 

Abstract 
HE Plasma Diagnostics Package (PDP) flew as part of T the Office of Space Science (OSS-I) mission aboard the 

Columbia on STS-3 in March 1982. The PDP had as part of 
its instrumentation an S-band antenna and detector. By 
utilizing the remote manipulator system (RMS) arm, the PDP 
was maneuvered through a predetermined computer- 
controlled sequence in the Orbiter X-Z plane above the upper 
quad and hemi S-band communications antennas. 
Measurements of the field strength of these antennas during 
high-power modes of the transmitters were made and com- 
pared to ground full-scale measurements and predictions. 
Results indicated a field strength approximately 4.8 *3 dB 
higher than measurements predicted. This rf field is due 
primarily to the quad PM transmitter which had a power 
output of approximately 115 W compared to I5 W for the 
hemi. 

Contents 
Instrumentation 

A description of the detailed instrumentation of the PDP 
can be found in Ref. I ,  and a detailed block diagram of the S- 
band field measurement system is available in Ref. 2. The 
system employs a broadband folded dipole antenna developed 
at the National Bureau of Standards for hf and uhf 
frequencies and parallel linear and log detector systems. Due 
to an rf relay failure, only data obtained from the linear 
detector are used in this analysis. The dynamic range of this 
linear detector configuration at the quad pm frequency of 
2287.5 MHz is approximately 35 dB. The minimum detectable 
field along boresight is 1 V/m. The sensitivity at 2250 MHz 
(hemi transmitter frequency) is 4 dB greater. 

Operation 
Since the PDP was designed as an RMS probe for this 

flight, a special automated sequence was created to measure 
the S-band field strength above the cabin and Orbiter bay. 
This sequence is illustrated in Fig. I .  The PDP is shown on the 
end of the arm with the structure pointing downward being 
the S-band antenna. At each of the locations shown, the PDP 
was rotated about an axis parallel to the Orbiter Y axis (see 
Fig. I ) .  The rotation enabled the data taken to reproduce the 
PDP receiver antenna pattern. which had been measured in 
the lab, and thus to sort out that part of the data that was not 
reliable. This technique was useful since the Columbia's quad 
transmitter Dower was intermittent at times on this flight. The 

VOL. 2 I .  NO. 4 

at high power provided the highest field strength and thus are 
used in this report. 

Data Analysis 
Data reduction involved first sorting out those data which, 

by reproduction of the antenna pattern, appeared reliable. 
Next, an average electric field at the RMS position was 
calculated by correcting for the receiver antenna gain G(0.Q) 
to an equivalent field measured at boresight with gain G(0,O). 

Although the hemi and quad antennas were both active, the 
reduced power of the transmitter at 2250 MHz (15.5 W at 
2250 MHz vs 114 W at 2287.5 MHz). plus the position of the 
PDP with respect to the hemi resulted in the primary response 
of the detector being due to the 2287.5 MHz quad signal in the 
first two cases listed in Table 1. However, for positions 2 and 
3 some correction to received power was made due to received 
hemi power. Table 1 lists the four measurement positions that 
were illustrated in Fig. I relative to the starboard quad an- 
tenna. 

Both sources of predicted field strengths, 49 V/m/R (Ref. 
3) and 75 V/m/R (Ref. 2). assumed a measurement boresight 
with the transmitting quad antenna. Since none of the P 
data was at boresight. a correction for pattern of the tra 

Fig. 1 Automodc sequence 4: measurement points highlighted. 

RMS sequence in Fig. 1 was run several times under different 
transmitter configurations. However, the data taken when the 
upper starboard quad and upper hemi antennas were selected 

Table 1 PDP locations for starboard quad measurements 

P ~ ~ , ~ , ~ ~  RMS positionD 

no.a .Y Y Z A' deg R. m 

I -550 110 - 650 52 4.3 
2 - 550 IO - 650 
3 - 750 IO - 650 86 
4 - 550 IO - 850 74 9. 

Received May 23. 1983; revision received Nov. 8, 1983. Copyright 
C3 American Institute of Aeronautics and Astronautics. Inc.. 1983. 
All rights reserved. Full paper available from the AlAA Library, 555 
W.  57th St.. New York. N.Y.  10019: m1crofiche--$4.00, hard 
copy-$8.00. Rcmitrance must accompany order. 

'Staff Research Assistant, Department o f  Physics and Astronomy. 

presently, Branch Chief. Space Plasma Phycics and [he Earth Science 
and Applications Division, NASA Headquarters, Washington, D.C. 

83 ::e 
+Professor of Physics, Department of -Physics and Astronomy; 'Position number corresponds 10 Fig. I .  bRMS position (in Inches, in Orbiter 

body axis system (orlpin at nose ofexternal tank). '$ is angle from boresight of 
transmitting quad antenna. 
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Table 2 Measured Field inlensity comDared to prediclions . .  

 position Measured field,‘ Predicted field‘ Prediction 
no. V/m 7 5 / R  5O/R error* - 

1 22.8+2.4dBb 13.8 9.2 * l d B  .. 19.2a3.5 dB 8.5 5.8 *2 dB 
.3  8.5 *3.4dB 5.1 3.4 *2 dB 
4 ?.8*2.6 dB 5.4 3.6 a1 dB 

7 

’Corrected for receiving antenna gain and response IO the Lower power hcmi 
transmitter. Error includes measurement uncertainty plus calibration un- 
certainty. ‘Corrected for G, ( 8 . 6 ) .  dOnly the error in correcting for G, (@.e) IS 
included. 

mitting antenna must be made. Utilizing measurements of 
the antenna pattern made on a full-scale half-model of the 
starboard quads2 a normalization to boresight can be made. 
The angle of the PDP from boresight of the upper starboard 
quad is shown in Table I and the required correction in Table 
2. By dividing by the distance of the PDP measurements 
(Table 1). an electromagnetic field normalized to the same 
units of these two models is obtained for comparison. 

Table 2 summarizes the results of the four measurements 
along with their associated errors and compares the measured 
values with the predicted field at that distance and angle from 
the antenna. 

Auumptions and Sourm of Error 
Calibration errors are most easily accountable and are 

estimated to total *2 dB.* Other sources of error involve 
uncertainty in correction of data for G, (8.6) the receiving 
antenna gain, and G, (@A) the transmitting antenna gain. The 
PDP receiving antenna gain function is not smooth and errors 
an be as great as t 2  dB. Since detailed patterns of the 
ransmitting quad given in Ref. 2 were a superposition of all 

quad antennas, correction factors for C, (8.6) at large 8 and 6 
can be in error. The actual angle between transmitter 
boresight and the PDP is large in all cases (see Table 1). 
therefore, the correction for C, (8.6) could result in an error 
of *2dB. 

a 
Summary 

The average measured electric field at a given point (Table 
2) is 4.8 dB higher than the Ref. 2 prediction corrected for 

distance and measurement position. Considering the 
calibration accuracy of the PDP receiver, assumptions about 
antenna gain, and the resulting magnitude of uncertainty in 
this measurement, the guideline driving design criteria for 
payloads manipulated by the RMS should be on the high side 
of prediction with a several decibel safety margin. I t  must also 
be noted that at no time during measurements made in the 
cargo bay did the S-band electric fields exceed I V/m.‘ More 
information about other sources of electromagnetic in- 
terference is available in Ref. 4. 
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The first active beam-plasma experiments utilizing the space shuttle were carried out in March 1982 
as part of the NASA Ofice of Space Science mission on the third space shuttle Right. A fast pulse 
electron generator emitted a I-krV. 100-mA electron beam in either a continuous (dc) mode or an 
onioff modulated mode in the ELF to HF frequency range. Stimulated electrostatic and electro- 
magnetic waves and associated plasma effects were measured with the plasma diagnostics package as i t  
was maneuvered through and near the beam by the remote manipulator system. For the dc beam the 
wave spectrum was electrostatic. was peaked in the 300- to 500-Hz range with a spectral densiry of 
4 x IO-' Vz m-' Hz-', and was unpolarized. Above the nominal lower hybrid resonance frequency 
the intensity decreased but was polarized. Strong emissions near the electron gyrofrequency and the 
plasma frequency were occasionally detected. The background spectrum was similar to the dc case for 
VLF and ELF modulations, but the emissions at the modulation frequency were more electromagnetic 
and more intense with field strengths of up to 1 V m - l .  

INTRODUCTION (unpublished manuscript, 1983), and this issue of 

Experiments involving the emission of an electron 
beam into a plasma have been carried out in space 
simulation chambers and in space utilizing both 
rockets and satellites to carry the electron emitter 
and diagnostic instruments. These experiments have 
been designed for a variety of purposes, for example, 
to investigate the charge neutralization processes in 
the plasma medium near the beam emitter, to probe 
the nature of electric fields along remote sectors of 
th'e geomagnetic field lines, to determine field line 
lengths and conjugate locations, to study electron 
scattering and diffusion, to create artificial aurora 
under controlled conditions, and to stimulate beam- 
plasma interactions for investigation of wave emis- 
sions and particle acceleration. Papers addressing 
this wide range of experiments include those of 
Winckler [ 19801, Annales de Geophgsique [ 19801, 
Grandal [1982], P. M .  Banks and P. R. Williamson 

Radio Science. 
During March 22-29, 1982, the third space shuttle 

Columbia flight (STS 3) carried the first scientific pay- 
load from the NASA Office of Space Science (OSS 1) 
into a 240-km circular orbit inclined at 38.4'. The 
instrumentation and the scientific objectives of the 
OSS 1 payload are described by Neupert et af .  
[1982]. Two OSS 1 investigations were coordinated 
to assess the electrical, electromagnetic, and plasma 
environment of the orbiter and to diagnose wave 
emissions and related plasma effects due to the injec- 
tion of an electron beam into the surrounding iono- 
sphere. Reports on the passive environmental 
measurements have been given by Banks er al. [1983] 
and by Shawhan er al. [1984a]. This paper and the 
paper by P. M. Banks and P. R. Williamson (unpub- 
lished manuscript, 1983) report on wave emissions 
and related plasma processes which were stimulated 
by the first electron beam emissions from the space 

Copyright 1984 by the American Geophysical Union. shuttle. These on-orbit measurements are compared 
to measurements made in the NASA Johnson Space 
Center (JSC) space simulation chamber (chamber A) 

Paper number 3S1436. 
0048-6604'84~003S- 1436508.00 
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TABLE I .  Fast Pulse Electron Generator Characteristics 

Characteristic Value 

Beam energy I keV 
Beam current 

FPEGl 100 mA 
FPEGZ 50 rnA 

Beam divergence 5 

Minimum pulse duration 600 ns 
Pulse rise and fall time 

Maximum pulse duration 107 s 
Maximum number of pulses in one sequence 

100 ns 

32.768 

FPEG IS fast pulse electron generator. 

in March 1981, using similar instrumentation. The 
space simulation results have been reported by Banks 
er af. [1982], Ruirr et al. [1982], and Sha\vhan [1982]. 
Both the STS 3 and JSC plasma chamber measure- 
ments are compared to other similar rocket experi- 
ments and to other space chamber measurements. 

DESCRIPTION OF INSTRUMENTATION 
AND OPERATIONS 

During the STS 3 mission, active beam-plasma ex- 
periments were conducted using the fast pulse elec- 
tron generator (FPEG) of the vehicle charging and 
potential investigation (VCAP). Pertinent character- 
istics of this 1-keV, 100-mA electron accelerator are 
given in Table 1. Diagnostics of the plasma response, 
the orbiter electrical state, and emitted waves were 
carried out with pallet-mounted VCAP instrumenta- 
tion and with instrumentation in the detachable 
plasma diagnostics package (PDP) [Shawhan, 19823. 
The PDP includes a variety of instruments which 
measure the relevant plasma parameters. These pa- 
rameters are listed in Table 2. The PDP was oper- 
ated in the payload bay and was grappled by the 
15-m remote manipulator system (RMS). Attached to 
the RMS, it was maneuvered over the FPEG and 
around the orbiter. A view from the aft flight deck 
toward the tail of the orbiter is shown in Plate 1. The 
PDP is being held over the location of the FPEG by 
the RMS. During this period the orbiter is in a nose- 
to-sun attitude so that the payload bay is in shadow. 
During the experiments reported here, the orbiter is 
rolling about its long axis at two rolls per orbit. 

Joint VCAP-PDP operations were carried out by 
the STS 3 crew members: J. Lousma (commander) 
and G. Fullerton (pilot). There were seven prime op- 
erational periods each lasting about 20 min. For five 
of these periods the crew initiated the RMS pre- 

programed search pattern and the FPEG for a 
15-min firing of an unmodulated (dc) electron beam 
while looking for maximum readings of selected on- 
board parameters. For two other periods the pilot 
manipulated the PDP under manual RMS control to 
find the center of the electron beam using on-board 
parameters. During other intervals, when the PDP 
was stationary on the RMS, latched into the payload 
bay, or maneuvered on the RMS for other objectives, 
the FPEG was operated in many other modulated 
modes. These modes included short bursts to change 
the charge state of the orbiter and square wave mod- 
ulation in the HF, VLF, and ELF frequency ranges 
(P.  M. Banks and P. R. Williamson, unpublished 
manuscript. 1983). The plasma effects and wave emis- 
sions associated with both the dc and the modulated 
operations are reported in the following sections. 

PLASMA EFFECTS OF BEAM EMISSIONS 

A IO-min survey plot of PDP measurements for 
1982, day 85. 2038-2048 UT is presented in Plate 2. 
These measurements were made during a joint 
VCAP-PDP dc beam search period. Other survey 
plots are presented in Plates 3 and 4 for the FPEG 
modulated at VLF and ELF, respectively. Fifteen 
panels are identified on the survey plots [Shawhan et 
af., 1983~1. These panels are associated with specific 
PDP measurements as identified in Table 2. Panels 
1-6 give density irregularity and wave spectral infor- 
mation. The neutral gas pressure on a log scale from 

to lo-' torr is given in panel 7. Energetic elec- 
trons and ions from 2.5 eV to 50 keV on a log energy 
scale are presented in panels 8 and 9. The ion mass 
composition. energy distribution, and flow direction 
are displayed in panels IO. 11. and 12 which result 
from measurements by the ion mass spectrometer, 
the ion retarding potential analyzer, and the differ- 
ential ion flux probe, respectively. In panel 13 the 
yellow curve indicates the potential of the PDP with 
respect to the orbiter ground over a f8 V range 
(negative at the top of the panel). The green curve 
gives the electric field over a 24.8 V m - '  range (the 
red curve is 30 times more sensitive). Total flux of 
energetic electrons is displayed tn panel 14; the 
scale is logarithmic downward covering the range of 
3 x 10" to 5 x I O l 7  (red curve) and 5 x 10" to 
5 x lOI5 (green curve) electrons cm-'s- ' .  Three or- 
thogonal axes of the magnetic field for a range of 
k0.6 G are given in panel 15. 

Many of the plasma effects related to the operation 
of the FPEG can be seen in Plate 2: Beam turn-on 
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FPEG 

Plate 1. Photograph of the plasma diagnostics package on the remote manipulator system over the fast pulse electron generator 
location in March 1982 on STS 3. 
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TABLE 2. PDP Measurements 

477 

Panel. Measurement 
Color Bar 

(Dark Blue to Red) 

6 

7 
8 

9 

10 
11 

12 

13 

14 

1 

2 

Langmuir probe spectrum of density fluctuations, 
ANIN. from 4 to 50 Hz 

S band field strength monitor (2200 MHz) 
High-frequency receiver (HFR); 

four bands 25 to 800 MHz 

eight bands log spaced 316 kHz to 17.8 MHz 
(I,, ranges 0.9 to 1.3 MHz;/, 1-10 MHz) 

VLF electric field receiver from Helios program; 
16 bands. log spaced 31 Hz to 178 kHz 

VLF receiver from IMP program; 
16 bands, log spaced 35 Hz to 178 kHz switched: 

3 Medium-frequency receiver (M FR); 

4 

5 

Magnetic search coil (red) 
Langmuir probe ANIN (yellow) 
Electric dipole (green) 

Wide-band receiver automatic gain control 
switches sensor every 51.2 s (see panel 5 )  

AGCI (red); 0-10 kHr  20-10 kH& 20-30 kHz; 

AGC2 (green); 0-1 kHz; 100-dB range: quasi-log 
1 W B  range; quasi-log 

Pressure gauge; IO-' to IO-' torr, logarithmic 
Low-cnergy electrons (LEPEDEA); 

2 eV to 50 keV, logarithmic 
Lowcnergy protons (LEPEDEA); 

2 eV to 50 keV, logarithmic 
Ion mas spectrometer (IMS); 1-64 amu 
Retarding potential analyzer (RPA) 

Scanning mode 0- I5 V (1 2.8 s) 
Fixed mode 0 V (12.8 s) 

Differential ion flux probe (DIFP); 
deflection angle - 50" to + 50" 

dc electric field 
High gain (red); -0.15 V to + U . I S  V m- '  
Low gain (green); -4.8 to +4.8 V m- '  
Spacecraft potential (yellow); 

-8.2 to +8.2 V 
Electrometer (Faraday cup) 

High range/low sensitivity (red); 

Low rangelhigh sensitivity (green); 
5 x 10'' to 3 x 10'' electrons c m - ' s - '  

5 x 10'' to 6 x IO' electrons cm-' s-I 

X (red), Y (green), Z (yellow) components 
15 Magnetometer; -0.6 to +0.6 G;  

AGC is automatic gain control. 
'Refer to Plates 2, 3. and 4. 

OYO to 0.75% linear 

not functional 
-48 to +32 dBV m - '  

-68 to +28 dBV m - '  

-96 to +4 dBV m - '  

- 10 to +SO dBpT at 1 kHz 
2.5 x io-% to 2.5% log 
-96 to +4  dBV m - I  

N/A 
NIA 
3 x io1 to I x 10' 

electrons s-I sr-I eV-' logarithmic 

protons cm-' s-' sr-' eV-' logarithmic 
6 x 10' to 2 x lo* 

IO-" to lo-' A logarithmic 
lo-'' to A logarithmic 

to IO-' A logarithmic 

N/A 

happens during the min 2039. At turn-on, energetic 
electrons (panel 14) with energies up to 100 eV (panel 
8) are immediately observed. The electric wave noise 
is also significantly enhanced in panel 4. A positive 
PDP potential in excess of + 8  V is indicated in 
panel 13 although the electric field does not change 
significantly. After turn-on, the PDP is manipulated 
around the beam region, and the various detectors 

are rotated. The movements and rotations are appar- 
ent in the changing magnetic vector components in 
panel 15. This motion and rotation result in a vari- 
ation of the observed maximum electron energy, elec- 
tron flux, intensity and spectrum of the wave emis- 
sions, and magnitude and polarity of the electric 
field. These variations are due to the localization of 
the electron beam column and to the accessibility of 
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STS - 3 85/203945 DC BEAM SPECTRA 
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Fig. 1. Electnc and magnetic wave fields dunng dc beam oper- 
ation with charactenstic plasma frequencies noted. 

energetic particles with specific energies and pitch 
angles to the detector and to the polarization of the 
stimulated waves. Note that wave emissions in the 
range of the electron gyrofrequency ( fge  - 1 MHz) 
and plasma frequency (f, - 1-10 MHz) are also ob- 
served in panel 3. These same qualitative plasma re- 
sponses are seen in Plates 3 and 4 when the FPEG is 
modulated at  VLF and ELF. 

WAVE EMISSIONS FROM dc BEAMS 

Electric and magnetic wave field spectra during the 
dc beam emission period presented in Plate 2 are 
shown in Figure 1. The wave field strengths are given 
on a decibel scale (in decibels above 1 pV m-', f 3  
dB) for three measurements: the electric field with the 
beam on, the magnetic field with the beam on, and 
the magnetic field noise level with the beam off. 
Measwements are made over the frequency range of 
30 Hz to 178 kHz in 16 bands each with a bandwidth 
of 15% spaced logarithmically in frequency at four 
bands per decade in a 1.0. 1.78, 3.11, and 5.62 se- 
quence. Another, less sensitive receiver extends the 
scheme with eight more bands to 17.8 MHz for the 
electric fields only. 

Although the spectra in Figure 1 are presented in 
terms of electric field strength in decibels, the noise 
does not appear to be narrow band in nature. When 
observed on a separate IO-kHz wide-band receiver 
(not shown in Plate 2) over the frequency range of 10 
Hz to 30 kHz, the noise appears nearly "white" [see 
Shawhan et al., 1984~1. The background magnetic 
field noise is cluttered with discrete emission lines 
from various power converters on the orbiter. How- 
ever, the beam-generated magnetic noise also ap- 

pears to be white. Consequently, the spectra should 
be plotted in terms of voltage spectral density, Vf 
m-* Hz-', and magnetic spectral density, T2 Hz-', 
to make the bandwidth conversion for the electric 
field spectral density, for example, 

dB(V2 m-' Hz-') = dB(pV m-') 

- 10 log (0.ISf) - 120 dB (1) 

wherefis the center frequency of the filter. 
The electric field spectrum has a broad peak in the 

300- to 500-Hz range, a sharper peak at 5 kHz near 
the lower hybrid resonance frequency (fLHR =fge/172 
for f,. >fee and 0' ions) with a significant falloff 
toward higher frequencies. Spme emissions occur 
near the electron gyrofrequency and plasma fre- 
quency at 1.2 MHz and 10 MHz. respectively. In the 
1-kHz to 100-kHz range there is a significant mag- 
netic field component given in Figure 1 in decibels 
above 1 pT ( _+ 5 dB). Although the measurements are 
made in the near field of the beam, the relative elec- 
tromagnetic nature of this noise can be judged by 
comparing the apparent index of refraction from the 
ratio of the measured fields, "n"  = cB,/E,  where c is 
the speed of light, to the index of refraction expected 
for a cold plasma and parallel wave propagation (in 
the far field of the source), n2 =ffe/(&) wheref, >> 
fge is assumed [Srix, 19623. From the measured field 
values the apparent index of refraction, "n", can be 
derived as follows: 

"n" = 3168 (pT)/E (pV m-l)  (2) 

For example, at 562 Hz, B is 79 pT (38 dBpT), and E 
is 2.5 x lo5 p V  m- '  (108 dBpV m-') so that "n" is 

JSC CHAMBER 8 ~ 0 . 6  I i 40ma (BPOI 

IM IOM 100 IK IOK IOOK 

FREOUENCY. Hr 

Fig. 2. Electric wave field spectrum from Johnson Spaa  
Center space simulation chamber under BPD conditions. Note 
similarity to STS 3 spectrum in Figure 1. 
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0.1. For electromagnetic waves far from the source, 
the lowest possible value is 1.0. For a wave frequency 
of 5 kHz and for a plasma frequency range of 2 to 6 
MHz (derived from the PDP Langmuir probe) and a 
gyrofrequency fge = 1.2 MHz (obtained from a 
model), the expected index ranges from 25 to 75. Ap- 
parently, the wave field is electrostatic in nature but 
with a small magnetic component. 

It must be noted that all of these measurements 
are probably made in the near field of the local beam 
"antenna." Even for an index of refraction of 50, the 
wavelength is I200 rn at 5 kHz, so that the PDP 
would need to be - 12 km away (10 wavelengths) to 
be in the far field; the PDP is at most 15 m from the 
local beam. However, the beam itself extends many 
tens of kilometers along the magnetic field line away 
from the orbiter, and according to Harker and Banks 
[this issue], the beam may emit primarily from its 
leading edge. Consequently, the far-field approxi- 
mations may be marginally valid, but there is no 
good test to judge the validity. On future shuttle 
flights the PDP will make wave measurements out to 
ranges of hundreds of kilometers from the electron 
beam and from radiating antennas [Shawhan et al., 
198361. 

One important objective of the VCAP and PDP 
joint operations was to compare the phenomena ob- 
served in the JSC space simulation chamber with 
those observed in space. The experimental setup in 
the JSC chamber, the experiments, and the results are 
described by Banks et al. [1982], Raitt et af. [1982], 

Fig. 3. Electric wave spectrum development with time over 1.4- 
min period on dark side of orbit. 

IOOH I K  IOK I O O K  I M  IOM 
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DC BEAM POLARIZATION 

Fig. 4. Electric wave spmrum as a function of the an@ bc- 
tween the electric antenna h and the geomagnetic field E,, . 

and Shawhan [1982]. An electric wave field spectrum 
taken at JSC under similar conditions to those on 
orbit is shown in Figure 2. The spectrum looks very 
similar in intensity and shape to that of Figure 1, 
although in the chamber the magnetic fields are ter- 
minated by the conducting top and bottom of the 
chamber and the width of the chamber is smaller 
than an energetic ion gyroradius. Additionally, in the 
chamber the electron beam continuously loads the 
same magnetic flux tube, whereas on orbit the orbiter 
moves the beam across an energetic electron gy- 
rodiameter in 1 ms. Since the spectra are very similar, 
however, one could conclude that the generation 
mechanisms depend primarily on electrons and that 
the generation volume is relatively local. 

Figure 3 shows the time development of the wave 
electric spectrum at and just after the beam turn-on 
for the period in Plate 2. Each spectral trace covers 
the frequency range of 30 Hz to 17.8 MHz with a 
trace separation of 1.6 s. The increase in noise level 
at the beam turn-on is 40 dB. Just after turn-on a 
prominent emission near the lower hybrid resonance 
frequency is apparent, but this emission fades out as 
an emission above the electron gyrofrequency (at the 
plasma frequency?) becomes prominent. From the 
PDP Langmuir probe the plasma frequency is esti- 
mated to be between 3 and 10 MHz. This change in 
spectrum occurs near 30 s and is probably related to 
the rotation of the PDP electric field antenna with 
respect to the magnetic field (see panel 15 in Plate 2). 

With the PDP on the RMS, it was possible to 
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8610535 

Fig. 5. Electric wave spectrum as a function of FPEG beam 
modulation alternating between 3 k H z  Jnd 5 kHz. 

rotate the PDP so that the electric field antenna 
could measure the polarization of the electric field 
emissions with respect to the geomagnetic field direc- 
tion. An example of the polarization measurements is 
shown in Figure 4. Angles between the electric dipole 
antenna and the geomagnetic field, 6" to 45", are 
included for the full spectral range of 30 Hz to 17.8 
MHz. Near 45' the spectra are similar to those in 
Figures 1 and 2. Below the lower hybrid frequency 
(f,,,) there is very little variation with angle. Above 
the fLHR there is some variation especially when the 

'antenna is nearly aligned with the magnetic field. At 
this alignment the intensity is increased overall, and 
very prominent emissions appear at or near the elec- 
tron plasma frequency. The amplitude reaches 0.4 V 
m - l  ( 1  12 dBpV m -  I). This polarization near f, is 
consistent with these waves being Langmuir plasma 
waves [ S t i x ,  19621. 

W A V E  EMISSIONS F R O M  V L F - M O D U L A T E D  
B E A M S  

A unique characteristic'of the FPEG is that it 
could be square wave modulated up to the HF fre- 
quency range. An example of a VLF modulation 
period is shown in Plate 3. In panel 4, centered at 
0533 and 0536, are VLF emission sequences. The 
modulation is alternated between 3 kHz and 5 kHz. 
Alternating red intensities are apparent in these two 
bands. As with the dc beam emissions, the energetic 
electrons (panel 8), the PDP potential shift (panel 13), 

and the intensified background wave emissions 
(panels 4 and 5 )  are observed. The time sequences of 
electric field wave spectra are shown in Figure 5. At 
the start of the sequence the intensity increases by 40 
dB in the V L F  range. and emission just below the 
electron gyrofrequency (fge - 1.2 MHz) is initiated. 
Further enhancement at the 3-kHz and 5-kHz funda- 
mental modulation frequencies is apparent. 

In Figure 6 a representative electric and magnetic 
spectrum is given. The background electric spectrum 
produced by the beam is very similar to that of the 
dc beam shown in Figure I .  The magnetic field back- 
ground is also similar in level except that the orbiter- 
associated and payload-associated magnetic noise 
levels are higher. At  the 3-kHz fundamental fre- 
quency there is a IO- to 15-dB enhancement in the 
magnetic field. Using equation ( 2 ) ,  the background 
beam noise is found to have " n "  < 1 and is interpre- 
ted to be electrostatic, whereas the noise at the mod- 
ulation frequency tends to be electromagnetic: the 
apparent index of refraction. " n " .  is 4, which is great- 
er than 1.0. The calculated value of the index is again 
in the range of 25 to 75. Although the index of refrac- 
tion is not strictly valid in the near field, it is seen 
that these V L F  waves are relatively more electro- 
magnetic (by a factor of 40.1 = 40) than the "elec- 
trostatic" waves from the dc beam under nearly iden- 
tical beam geometry and diagnostic conditions. 

These V L F  emission sequences were utilized in 
about 60 different periods during the mission with 
the PDP on the RMS and also latched to the pallet. 
Emissions occurred under varying dayinight, electron 
density. and beam pitch angle conditions with gener- 
ally the same result ;is that depicted in Figure 6. 

STS-3 8610535 3kH2 VLF BEAM MODULATION 
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Fig. 6 Electric and magnetic wave held spectrum dt the time 
of J 3-kHz FPEG beam modulation. A bignitic.int magnetic com- 
oonrnt 13 observed at 3 kHz. 
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W A V E  ElcllSSIONS FROM ELF-MODULATED 
BEAMS 

With the PDP on the pallet, the FPEG was modu- 
lated at 25 Hz in the ELF range with a low on-off 
duty cycle of I : Z  and high on-off duty cycle of 2 :  1. 
Emissions at ELF frequencies appear most predomi- 
nantly in the Langmuir probe electron density ir- 
regularity spectrum (AN; N). Emissions at 25 Hz and 
the first harmonic are seen in panel 1 of Plate 4. 
These emissions are centered on 1807 and 1808 UT. 
Both cmissions have associated low fluxes of energet- 
ic electrons in panel 8 and a small PDP potential 
shift in panel 13. However, the total electron flux is 
not detectable in panel 14. probably because the 
PDP is in the cargo bay. Significant wave emissions 
are not seen in the VLF receivers (panels 4 and 5),  
since the 25-Hz fundamental is just below the lowest- 
frequency filter center. 

Although the on-to-off duty cycles are different, 
the emission frequencies for the two emission periods 
are the same. Note that the electron flux and energy 
spread in panel 8 is higher for the first period in Plate 
4. which is expected for the higher duty cycles. De- 
tailed electric field spectra are given in Figure 7 for 
both cases. Very near the fundamental frequency the 
higher duty cycle emission has a higher intensity, as 
might be expected since more power is available. In 
the low duty cycle case, the intensity is lower at the 
fundamental and higher at higher frequencies. Since 
the low duty cycle spectrum is equal to or greater 
than the high duty cycle intensity above the funda- 
mental. the total power emitted appears to be higher: 
the lower d u t y  cycle beam appears to be more ef- 
ficient at producing electric fields in the near-field 
regime. 

DISCUSSION 

Instrumentation on the PDP is limited in its time 
rcsolution and its frequency resolution. All wave, 
particle, and field measurements have a 1.6-s resolu- 
tion. so that effects that occur on time scales of tens 
of milliseconds cannot be resolved. In the VLF fre- 
quency range ( 5  Hz to 30 kHz) the wide-band wave- 
form receiver (not shown in Plates 2-4) provides high 
time (40 ms) and frequency (20 Hz) resolution. At 
higher frequencies. however, the multiple channel 
spectrum analyzer provides peak and average ampli- 
tude measurements at four frequencies, each decade 
of frequency at 15-30?40 bandwidth every 1.6 s. 
Consequently, the harmonics of the electron gy- e rofrequency cannot be distinguished from each other 
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Fig. 7 Spectra of electric field emissions for the FPEG rnodu- 
latrd at 25 Hz for cases of low and high duty cycle. At high duty 
cycle the fundamental is enhanced. but the total power IS less in 
comparison IO the low duty cycle. 

or from the electron plasma frequency in the 1- to 
10-MHz range. However, since the PDP could be 
rotated and moved across the electron beam from 
the FPEG, a unique set of wave, particle, and field 
measurements have been obtained on the steady 
state wave spectra, the wave polarization, the beam 
spectra after wave-particle interactions, and the as- 
sociated electric and magnetic field strength for both 
dc and modulated operations of the FPEG. 

Results from the PDP measurements on the dc 
beam operations are summarized in Table 3 by fre- 
quency range: near the plasma frequency (I,, - 1-10 
MHz), near the gyrofrequency (Igc - 1 MHz), above 
the lower hybrid frequency (6 kHz >/cf,,). and 
below the lower hybrid frequency (fc 6 kHz). Also 
listed are conclusions reached from experiments per- 
formed both in space simulation chambers and on 
sounding rockets. These experiments were chosen be- 
cause of the similarity in observing conditions to 
those of the FPEG/PDP on STS 3, but the listed 
results are representative of many experiments [see 
Winckler, 1980; Annales de Geophysique, 1980; Gran- 
dal, 19821. The summarized results were extracted 
under the conditions that a keV electron beam of 
250 mA was being injected into a plasma and the 
beam plasma discharge (BPD; see, for example, Bern- 
stein et ai. [1975, 1979, 19823) was thought to be 
occurring. 

A Langmuir probe on the PDP (results not shown 
in Plates 2-4) gives an estimate of the local electron 
density N e  from which the plasma frequency can be 
determined: 

f, = 9[(N, ( ~ r n - ' ) ] ~ ' ~  kHz (3) 



TABLE 3. Comparison of Beam Wave Emissions 

PDP Results Space Simulation Chamber and Space Rockets Results 

Near Piasma Frequency (f,,, - f - IO M H:) 
Fields up to 0.5 V m - ' observed 
Polanzed parallel to geomagnetic field 
Predominant within one gyroradius of 

VCAP/PDP in JSC chamber 
Fields up to several volts per meter' 
Polarized parallel to magnetic fieldb 
Predominant within one gyroradius of electron beam' 
Plasma frequency increases up to 32 MHz 

in - lGms time with 80-mA beamb 
Emissions at the upper hybrid frequency 

are enhanced for large pitch angles' 

Emissions at the plasma or upper hybrid 

electron beam; not always stimulated 

Other space chamber experiments 

frequency observed under BPD or non-BPD 
conditions; non-BPD emissions are weaker" 

inside the beam' 
Echo rocket expenments 

Field strengths up to IO V rn-' are observed 

Amplitude of - I m V  m- '  observed at 100-m range 

Emissions deduced to be electrostatic (Echo I)/  

Enhanced emission near plasma frequency 

Polarized parallel to magnetic field' 
f, emissions may be related to natural 

for 70-mA beam (Echo I)' 

Polar 5 rocket experiment 

2-5 MHz delayed 20 ms after beam turn-on' 

auroral particles# 
ARAKS rocket experiments (500-mA beam current) 

Emissions observed between the plasma and 
the upper hybnd frequencies* 

Emissions occur for 0"-70" pitch angles 
(down) but not for 140' pitch angle (up)' 

Even though beam current was 10 times Echo, 
field strength was comparable* 

Possible emission is by incoherent 
Cerenkov radiation* 

E//B rocket experiment 
Beam-associated emissions sometimes 

observed at local plasma frequency 

Near Gyrofrequency (f,, - I M H r )  
Noise band often just below f,, 
Noise amplitude up to 0. I V m - ' 
Occasional noise in If,, to 3f,, range 

below f, but no good f resolution 
Noise band not strongly polarized 

or localized to vicinity of beam 

VCAP/PDP in JSC chamber 
Similar PDP results to STS 3' 
Detailed spectra indicate transient 

Emissions at the gyrofrequency arc enhanced 
emissions at Zf,, and 31,. (Bemstein mode?)b 

for small pitch angles' 
Other space chamber experiments 

Emissions at (n + +&, occur in presence 
of return beam' but return beam requirement 
is not confirmed' 

exponentially on the beam current' 
Amplitude of/,, harmonics depends 

Echo rocket experiments 
Amplitude up to 200 pV rn - I  at I-km range from 

70-mA beam at 2fg, frequency (Echo I)' 
Emissions up to 51, observed (Echo I)/ 
Emissions observed on ground at - 200-km 

range at 2,. for 100-rnA G k V  beam; 
emission only for downward beam (Echo IV)' 

482 



TABLE 3. (continued) 

PDP Results Space Simulation Chamber and Space Rockets Results 

Above Lower Hybrid Frequency (6 k H z  < f < f,,) 
Falling spectrum toward the electron 

gyrofrequency 
Significant polarization with maximum 

amplitude neither parallel nor perpendicular 
to the geomagnetic field direction 

VCAP/PDP in JSC chamber 
Similar PDP results to STS 3' 

Other space chamber experiments 
Significant emissions < 100 kHz are 

observed under BPD and non-BPD conditions' 
. No significant enhancement at the lower 

hybnd frquency 
Noise appears to be electrostatic and 

enhanced in and near the beam 

Below Lower 
Nsarly flat spectrum with roll-off at 

the low-frequency end below the 0 
gyrofrequency and about the lower 
hybrid frequency at the high- 
frequency end 

Peak situation in the 0.3- to I-kHz 
range 

Peak amplitude of -0.3 V m - '  
No significant polarization with 

respect to the geomagnetic field 
direction 

Noise appears to be electrostatic 
No spiky VLF emission (flickering) 

observed 

Emissions < 100 kHz are very impulsive' 

Amplitude up to I mV m - '  observed at I-km 
range from 70-mA beam (Echo I)' 

For downward emitted beam. emission 
spectrum was broad and cutoff at 
0.6 MHz (Echo I I P  

emitted at the leading edge of the electron 
beam (Echo II)k 

emitted at the leading edge of the electron 
beam (Echo II)k 

Echo rocket experiments 

The whistler mode emission appears to be 

The whistler mode emission appears to be 

ARAKS rocket experiments 
Noise in 7- to 100.kHz range is electrostatic' 
Amplitude reached I mV m - ; spectrum decreases 

Emissions are created by any beam pitch 

Noise intensity drops exponentially with 

with frquency' 

angle' 

distance from beam' 

Hybrid Frequency ( J  6 k H r )  
VCAP/PDP in JSC chamber 

Similar PDP spectrum to that observed on 

Peak of spectrum at - 1 kHz with 1 V m - '  ' 
Some polarization just above ion 

Spiky VLF emission (flickering) with - 10-H~ 

STS 3' 

gyrofrequency' 

periodicity emphasized at large pitch angles; 
harmonic spectrum. Emission enhanced in some 
frequency ranges -&I ' 

Other space chamber experiments 
Peak frequency of VLF spectrum depends on 

beam current; amplitudes up to 0.1 V m - '  
detected at SO-mA beam; bursts up to 10 V m - '  " 

Echo rocket experiments 
Amplitude up to 2 mV m - at range of 100- loo0 

m from 70-mA beam with peak in 5& to 2WHz 
range (Echo I)' 

Polar 5 rocket experiment 
Enhanced VLF emission - 5 kHz delayed 
30-40 ms after beam turn-on' 

No preferred polarization observed' 
Discrete emissions are observed at 1-3 kHz' 

Broadband electrostatic emissions at 1-10 kHz" 

Emission with sbectral Deaks in the 5- to CkHz 

ARAKS rocket experiments 

E//B rocket experiment 
r -  . 

range' 

'Shawhan [1982]. 'Cartwnght and Kellogy [ 19741. 'Monson er al. [1976]. 
'Rairr et al. [ 19821. 
'Banks er al. [1982]. 
'Bernsrein et al. [1979]. 
'Josr et al. [1982]. 

"Grandal et al. [1980]. 
'Dechambre et al. [198Oa]. 
'Bernsrein er al. [ 19753. 
'Monson and Kellogg [ 19781 

'Dechambre er al. [ 198063. 
"Holzworrh et 01. [ 19821. 
"Dechambre et aI. [ 1980~1. 
'Bernsrein er al. [1982]. 
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Usually, the frequency falls into the range of 1-10 
MHz. Under some conditions, with the PDP in or 
near the FPEG beam, emissions in the vicinity off,, 
are observed with up to 0.5 V m - '  amplitudes and 
polarized parallel to the geomagnetic field. These 
general features are consistent with earlier experi- 
ments both in space chambers and with rockets. I t  is 
surmised that the emission is at the upper hybrid 
frequencyf,, rather than the plasma frequency: 

(4) 

For&, <<fpc the upper hybrid and plasma frequencies 
are nearly the same. Chamber measurements by Jost 
et al. (19823 suggest amplitudes in the beam column 
of 10 V m - '  which dropped off rapidly outside; 
rocket measurements indicated - 1 mV m - '  at 100 
m range from the beam [Curtrvrighr and Kellogy, 
19741. LMeasurements of these emissions with rockets 
seem to be consistent with an incoherent Cerenkov 
mechanism due to the primary beam itself [De- 
chambre er al., 1980~1. 

During FPEG operations, emissions are often ob- 
served which have a high-freqency cutoff at the elec- 
tron gyrofrequency: 

Another emission band is observed above fge at 
1-3fg, but below the plasma frequency. These emis- 
sions range up to 0.1 V m - '  in amplitude, are non- 
polarized, and seem not to be localized to the vicinity 
of the electron beam. In plasma chambers and from 
rockets it has been found that the waves below&, are 
probably electromagnetic waves in the whistler 
mode, which is consistent with the PDP observed 
characteristics. Above jge, high-resolution spectrum 
analyzers show transient bursts at harmonics of fge 
up to 5fge [Cartwright and Kellogg. 19741. During 
the Echo IV experiment, emissions at 2fg, were ob- 
served at a ground receiving station. consistent with 
the propagating electromagnetic nature of the waves 
[,Wonson and Kellogg, 19781. 

Below the electron gyrofrequency the slope of the 
noise spectrum increases down to the lower hybrid 
frequency, becomes polarized oblique to the geomag- 
netic field direction, and tends to be electrostatic. 
These PDP findings are generally consistent with 
those of chamber and rocket experiments. Because of 
the pronounced polarization and relatively low am- 
plitude at the higher-frequency end (hundreds of kilo- 
hertz), we suggest that these emissions are generated 
by the Cerenkov process for resonant beam particles 

since the index of refraction tends toward infinity for 
the oblique resonance at frequencies between the 
lower hybrid frequency and the electron gyro- 
frequency. 

Although the lower hybrid frequency JLHR [Srix,  
19621 may not be physically defined if the PDP is 
measuring in the near field of the wave source region. 
the spectral observations seem to indicate a signifi- 
cant change in characteristics below thef;,, as com- 
pared to those above. On STS 3 the PDP consis- 
tently observed an  electrostatic noise with a broad 
peak in the 0.3- to I-kHz range having amplitudes up 
to 0.3 V m - ' .  This noise masked out natural VLF 
emissions in the ionosphere as well as possible or- 
biter electromagnetic interference. No significant po- 
larization was found below the lower hybid fre- 
quency. These characteristics of the VLF noise were 
consistent with the JSC plasma chamber results 
except that the on-orbit noise did not flicker in am- 
plitude as it did in the chamber [Bunks et d., 1982; 
Hokworth et al.. 19821. Although the PDP observed 
momentary spectra with peaks of -6  kHz (see 
Figure I),  the spectra did not consistently peak in the 
kilohertz range as was observed in several rocket ex- 
periments [Gruriclal et al., 1980; Dechambre et ul., 
1980~; Bernsrein et ul., 19821. 

This background electrostatic noise appears to be 
ubiquitous; spectra for the dc and the modulated 
electron beams are very similar, as can be seen by 
comparing Figures 1. 2. 6,  and 7. There is another 
comparable electrostatic noise spectrum due just to 
the orbiter moving through the ionospheric plasma. 
This orbiter-generated noise is seen in Figures 3 and 
5 before the electron beam is initiated. Some charac- 
teristics of this noise are described by Shuwhan et al. 
[1984b]. This noise is generally of lower intensity 
than the beam-associated noise by about 20-40 dB 
but has the same general spectral shape. I t  is as- 
sumed to be orbiter-associated because the amplitude 
is modulated at the orbit period, with minima oc- 
curring when the orbiter bottom and tail block the 
plasma flow past the PDP. Papadopoulos [this issue] 
argues that the noise results from a lower hybrid drift 
instability which is driven by the steep electron den- 
sity gradients at the orbiter surfaces and at the elec- 
tron beam column boundary. Many other mecha- 
nisms may also t i t  the observations as reviewed by 
Grundol [I9821 and Harker and Bunks (this issue]. 

In  contrast to the "n" = c B / E  = 0.1 for the broad- 
band electrostatic noise at VLF, the near-field emis- 
sions caused by modulating the beam at 3 and 5 kHz 



SHAWHAN ET AL. : WAVE EMISSIONS 485 

had an apparent index of refraction. “ n ” ,  of 4. AI- 
though the calculation of “ n “  is not strictly correct in 
the near field, the relative values indicate that the 

. modulated emissions are more electromagnetic. 
Whether propagating electromagnetic waves are gen- 
erated is an open question. On a sounding rocket. 
Hokworth and Koons [I9811 modulated a beam of 
80 mA at 3 kHz. Signals were received at a distance 
of 1.4 km, but the time delay for the receipt of the 
signals ranged up to 0.2 s, much too long for electro- 
magnetic waves. I t  is thought that the timc delay is 
related to the time for onset of BPD which causes a 
“disturbance” to reach the receiver. During the STS 
3 flight, VLF ground stations and satellite wave 
receivers were operated in hopes of receiving the 
modulated signals. fnan er al. [this issue] report a 
negative detection from the DE 1 spacecraft during 
periods of magnetic conjunctions with the orbiter. 
However, in most cases the 100-W FPEG beam im- 
pacted the orbiter and did not escape. 

At 3 kHz in the VLF range, Holzworth and Koons 
[1981] suggested that the modulated beam was driv- 
ing the plasma in and out of the BPD condition. 
Denig [I9821 discusses results from a JSC plasma 
chamber test at 68 Hz. With a short on time and 
long off time the pulsing spectrum exhibits harmon- 
ics to high frequencies. With a long on time and 
short off time the spectrum is concentrated at low 
frequency around the fundamental; the onset of FPD 
may destroy the beam as it propagates away if the 
beam on time exceeds the onset time for BPD. Ac- 
cording to Bernstein er al. [I9821 the BPD should 
not really occur at the STS 3 altitude because the 
neutral pressure is low at - IO-’ torr. However. the 
PDP measurements at 25 Hz exhibit the same 
characteristics as those reported by Denig for the 
68-Hz modulation when BPD was possible. These 
low-frequency observations may provide a good data 
base with which to test theories of beam emissions. 
Harker and Banks [this issue], for example, consider 
both coherent and incoherent processes. The most 
efficient emission seems to be a coherent Cerenkov 
and cyclotron mode at the leading edge of the beam. 
An optimum duty cycle would be 50%; any shorter 
has less power, and any longer provides more time 
for the coherency to be destroyed. 

Further shuttle experiments are planned for the 
Spacelab I mission through use of the Space Experi- 
ments With Particle Accelerators (SEPAC) ‘[Obay- 
ashi er ai., 19821 40-keV. 1.6-A accelerator and of the 
Phenomena induced by Charged Particle Beams 

a 

(PICPAB) [Beyhin, 19793 IO-keV, 100-mA acceler- 
ator and associated diagnostics. On Spacelab 2 the 
FPEG and PDP will be flown together with the 
PDP at a range of up to I km from the FPEG. 

CONCLUSIONS 

Measurements by the plasma diagnostics package 
of waves stimulated by the operation of the FPEG 
50- to 100-mA, I-keV electron beam have yielded 
characteristics which largely agree with results from 
space simulation chamber and sounding rocket 
measurements under the beam plasma discharge con- 
ditions. Electrostatic waves in the frequency range 
between the electron plasma and upper hybrid fre- 
qency are infrequently observed: these waves appear 
to be confined to the beam cylinder, which is not 
often explored with the PDP. Emissions are found in 
the range including harmonics of the electron gy- 
rofrequency, and a spectrum of electromagnetic whis- 
tler mode waves extend below the electron gy- 
rofrequency. At  lower frequencies these waves 
become electrostatic with a peak at 0.3 to 1 kHz 
below the lower hybrid frequency. Electrostatic emis- 
sions are observed in this VLF frequency range with- 
out the beam being emitted, probably because of the 
orbiter’s motion through the plasma. When the beam 
is on, the noise is enhanced by -40 dB. Some rocket 
and plasma chamber measurements have exhibited 
peaks and/or discrete emissions of - 5 kHz, but these 
are not persistently seen on STS 3. Modulation of the 
beam at VLF and ELF yields ac fields that are more 
electromagnetic in character. The beam modulation 
may be significantly altered as the beam propagates 
by beam-plasma (BPD?) interactions. 
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An electron beam emitted from the Office of Space Sciences 1 pallet on STS 3 
was pulsed with specially designed very low frequency (VLF) formats in an attempt 
to generate whistler mode waves. Modulated operations of the beam emitted by 
a fast pulse electron generator (FPEC) were initiated during times of magnetic 
conjunctions between STS 3 and the high-altitude DE 1 satellite equipped with 
broadband VLF receivers. Coordinated FPEC/VLF modulation and DE 1 wide- 
band da ta  acquisition were achieved in 12 different caaes. No evidence of any waves 
generated by FPEG were detected on the DE I analog wideband data. However, 
i t  is shown that  in all of the caaea, either the STS 3 attitude was such that the 
emitted electrons struck the main body of the vehicle, or it WM not possible for 
whistler mode w a r n  to propagate from the STS 3 location up to the vicinity of the 
DE 1 satellite. 

1. INTRODUCTION 

In the last 14 years there have been more than 20 
experiments involving the emission of particle beams 
from rockets and satellites. In addition there have 
been supporting experiments in large vacuum chambers 
(krrutein et al., 1975, 1978, 1979; Banks et al.. 1982; 
Mitt et al., 1982). 

The spaccborne particle beam experiments have 
ban mainly directed at studies to produce artificial 
aurorae such as the Precede and Excede programs 
(O’Ncil et al., 1978, 1982); to study magnetic and 
electric reflection such as the Echo program (Winckler, 
1975, 1980, 1982) and Polar program (Maehlum et al., 
1980); and a combination of the two studies in the 
Artificial Radiation and Auroras Between Kerguelen 
md the Soviet Union (ARAKS) (Cambou et al., 1980) 
rad Kaui (Davis et al., 1980) programs. 

W g h t  1984 by the American Ccophpicll Union. 

Rpr number 351515. 
OMM804/84/oo3S-l515~.~ 

Experiments on wave stimulation have been mainly 
limited to excitation of electrostatic waves due to 
the beam plasma interaction. These experiments 
on satellites include EXOS-R (Kawaahima et al., 
1982), SCATHA (Koons and Cohen, 1982) and ISEE-1 
(Lebreton et  al., 1982). Some experiments on sound- 
ing rockets have included beam modulation in the VLF 
range (Bernstein et al.. 1982; Holzworth et  al.. 1982). 

In this paper we report on modulated beam experi- 
ments performed on a recent Right of the space shuttle 
when attempts were made to detect waves propagating 
from the space shuttle to a magnetically linked satellite 
as a result of pulsing an electron gun at frequencies in 
the VLF range. The experiments were carried out suc- 
cessfully, but positive results were not obtained in the 
sense that no evidence of any beam-generated signals 
was observed on the satellite receivers. Although in this 
sense our results do  not advance the state of knowledge, 
we have found it valuable to publish them as a primer 
for future efforts. 

As part of the Vehicle Charging and Potential 
(VCAP) Experiment, the oFfice of Space Sciences (OSS 
1) pallet on the third flight of the space shuttle (i.e., 

487 



4aa 

\ 

INAN ET AL.: MODULATED INJECTION 

Space Transportation System (STS) 3) included a fast 
pnlw electron generator (FPEG) [Seupert et al.. 1982: 
Banks et al.. 19831. This instrument was capable of 
emitting a 100-m:\ heam of nearly monoenergetic I-keV 
electrons. The pulse duration of the beam was adjust- 
able from 600 ns (1.6 MHz) to 109 J (-0.01 Hr) un- 
der programmable microprocessor control. \\'bile t h e  
primary functional ohjective of the FPEG instrument 
was to change the electrical potential of the orbiter for 
vehicle charging experiments. the capability of pulsing 
the heam over a wide range of frequencies presented 
an opportunity for investigating the effectivenew of 
a piilsed electron heam in generating electromagnetic 
radiation . For this piirpme a number of modulation 
sequences were preprogrmied for pulsing t h e  beam at 
frequencim up to I XIHz. The primary instrument for 
detecting the possible radiation from the beam \vas the 
plasma diagnostic package (PDP) on the OSS 1 pallet 
[Neupert et al.. 1983: Shawhan et ai.. th i s  iswe!. Even 
though the PDP instrument \vas on occasion moved 
away from the pellet using the rrmote manipiilntor ++ 
tem. it was a t  all timer within -20 m of the elcctron 
generator. Thus. in most ciLwli. t h e  PDP sens0r.p were 
well within the "near" ficld i n  terms of any electromag- 
netic radiation that \voiild he gtmerated by the electron 
beam. 

In order to assess the feiwibility of using electron 
beams for generating electromagnetic waves that tvould 
propagate away from t h e  orbiter. a coordinated esperi- 
men1 attempting to detect the henin-generated radia- 
tion at ground-hawd sitcs and on esirting free-flying 
satellites was conceived. Of particular interest for 
these experiments was the possibility of using the 
beam for radiating waves in t h e  ELF/Il.F frequency 
range. Several ground-based observatories with broad- 
band CZF receivem were wed for th i s  purpose. \ \h i le  
no obvious evidence of beam-induced radiation was ob- 
served. dctailpd analysis of t h e  ground site overpnww of 
STS R is not complete and \ \ i l l  hc reported .qparatrly. 

In terms of frt.r-Hying wtrllitw. the 1)ynarriics 
Explorer I (DE I )  satellite laiinched in 1981 [Hoffnian. 
19811 equipped with a broadband \IF receiver 
(Shawhan et al.. 1981) prewnted a suitable platform 
for space ohservations. Thus. during the flight of STS 
3 in March 1982. coordinated FPEC modulation and 
DE 1 observations were arranged during t i m e  of mag- 
neck conjunctions of the two spacecraft. In th is  paper 
we report on the results of these rsperiments. To our 
knowledge they represent the first coordinated esperi- 
ment of this type involving two spacerraft with inde- 
pendent orhits. In addition to the obvious constraint 
involving the spacecraft orhits and the geometry of the 
geomagnetic field. the rsperiments were further com- 
plicated by the fact that the DE I broadband \ I F  
data coiild only he acquired wit h real-time telemetry hy 
SAS:\ groiind stations aroiirid the globe. t h e  same sta- 
tions that were heavily involved i n  tracking and coni- 
manding the space shuttle (STS 3).  In addition. the 
commands for the initiation ol' FPEG operation during 
magnetic conjunctions with DE 1 had to be uplinked 

to STS 3 in real time since, due to the uncertainty of 
the launch time of STS 3. the conjunctions could not 
be determined until after launch. 

Since none of the preprogramed FPEG modulation 
sequences of the VCAP experiments was suitable for the 
STS 3/DE 1 experiments, special VLF beam modulation 
formats were designed and uplinked to  the VCAP con- 
trol microprocessor after launch. On DE I, the wide  
band analog receiver operating in the 3 to b k H z  range 
was used due to the need for high time resolution as well 
as for identification of any beam-induced radiation in 
the midst of a highly variahle natural VLF background. 

Coordinated FPEG \ I F  operations were also at- 
tempted during magnetic conjunctions of STS 3 with 
other satellites, namely the International Sun-Earth 
Explorer 1. 2 (ISEE 1, 2) and the ISIS 1, 2satellites. Due 
to the orbital configuration of these spacecrah, very few 
conjunctions with STS 3 were physically possible. As0 
due to various operational constraints the acquisition 
of the satellite da ta  in the desired modes was not pos- 
sihle in maqt of these conjunctions. For this reason, we 
limit our discussion in this paper to the STS 3/DE 1 
experiments. - 

In the following we first describe the modulation for- 
m a b  and criteria used for determining the magnetic 
conjunctions of the two spacecraft. We then present 
the results of the experiments and ray-tracing computa- 
tions to  determine whether any waves generated a t  the 
location of STS 3 would be expected to reach the satel- 
lite. Finally, we present our conclusions and discuss the 
implications of the results for future experiments. 

2. DESCRIPTION OF THE E D E R I M E N T  

In this section we discusa the DE 1 satellite in- 
st.rumentation, t h e  \,IF modulation format for FPEG, 
and the criteria u.sed for magnetic conjunctions of the 
two spacecraft. The FPEC instrumentation is described 
elsewhere [Ranks rt ai., l983l and is not repeated here. 

DE 1 wave receiver description 

The Stanford University linear wideband receiver 
(LWR) is integrated into the plasma wave instrument 
(PW) on DE 1 [Shawhan et  al., 1981; Inan and 
Helliwvell, 19821. The receiver measures the wave mag- 
netic or electric field intensity and spectra selectively 
over the range of frequencies 1.5-3, 3-6. and 10-16 kHz. 
The LWR can be connected to a magnetic loop or a long 
electric dipole or it can be commanded to cycle between 
the two. For the STS 3/DE I experiments reported 
in this paper, the 3 to BkHz  wideband channel con- 
nected to the primary magnetic loop antenna with a 
threshold sensitivity of 8 x IO-' ~ / H z " ~  at 6 kHz was 
used. The gain of the LWR can be set a t  10-dB steps 
over a 70-dB range and can be varied automatically or 
can be commanded to remain a t  a fixed level. In the 
automatic mode that  was used for the STS 3/DE 1. ex- 
periments, the gain is updaled every 8 s. The receiver 
response is linear over a 30-dB dynamic range at any 
gain setting, thus facilitating accurate measurements of 
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signal intensity and temporal growth rate. Also, the 
fact that the gain level remains fixed for 8 s enables 
the identification of relatively weaker signals in a back- 
ground of much stronger but short-duration natural 
signals such as lightning-generated whistlers and e m i s  
sions. 

The plasma wave instrument on DE I is also 
equipped with a wide-band receiver with automatic gain 
control over the frequency range 650 Hz to 10 kHz or 40 
kHz. This receiver was not used in the present experi- 
ments since weaker signals would be suppressed by the 
relatively intense plasmaspheric hiss  that  is usually ob- 
served below I kHz. DE 1 wave da ta  were also acquired 
using the digital output sweep frequency receiver (SFR), 
as0 part of PWI. The SFR h a s  a 32 s time resolution 
and is thus not expected to  be useful in detecting the 
VLF modulation format used for pulsing FPEC. 

FPEC VLF modulation format 
The VLF modulation format that was used to pulse 

FPEG during its magnetic conjunctions with DE I is 
shown in Figure 1. The format consists of frequency 
shift keying between two frequencies, 3.25 and 4.873 
kHz. both within the 3 to 6 kHz band of the L\FR on 
DE 1. Due to the fact that  a fixed number of pulses 
(32K) was used for FPEG at any pulsing frequency, the 
duration of the modulation at the two frequencies is 
different. The main cycle of the FPEG/VLF format 
typically laskd  -92 s. 

Magnetic conjunctaona 
A "magnetic" conjunction between the two 

spacecraft was assumed to Occur when either of the two 
conjugate magnetic "footprints" of DE 1 was within 
500 km of an STS 3 footprint. In order to estimate 

were used in conjunction with an Olson-Pfitzer model 
of the earth's magnetic field [Olson and Pfitzer, 19741. 
With the criterion adopted here a typical STS 3/DE 1 
conjunction lasted 4-5 min. 

A computer code that  computes the magnetic con- 
junctions of any two earth- orbiting spacecraft was de- 
veloped at Stanford University for the purpose of the 
STS 3/DE 1 experiments. The inputs to the code are 
the state vectors (i.e., spatial and velocity components 
at a given time) of the two spacecraft and the distance 
criteria for defining a conjunction (in this case 1500 
km). The  output is a listing of the possible conjunctions 
in the specified time period and the orbital parameters 
of the two vehicles at the time of conjunction. Since 
the STS 3 orbit was not precisely known until after 
launch, the determination of the conjunctions was done 
after the launch or STS 3. Furthermore, the conjunc- 
tion estimates were periodically updated as STS 3 orbit 
parameters changed slightly due to attitude maneuvers. 

In the next section we present the results of the 
experiments and ray-tracing analysis to determine 
whether any FPEC-induced waves would be expected 
to propagate up to the location of the DE I satellite. 

* the footprint, the orbital parameters of the spacecraft 
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Fig. 1. The F P E C / \ Z F  niodulation format used in the 
STS 3/DE . I  experiments. Thc format ronrists of fre- 
quency shift keying between 3.25 and 4.873 kHz. 

I lS*CSi 

3. RESULTS 

\\'ith the I.iOtFkm criterion that \vas adopted for 
detrrniiriirig the magnetic ronjui1rtion.G. in all there 
were -1:) po<sible corijiirivtionz (Iiiririg t tic. flight ol' STS 
3. Of t tiese. the Ft'EC,'\IaF riiodulntiori squerices wcre 
utilitcd for 17 rases whereas IX I \vide-band dtita were 
acquired i n  24 of the -13 possible conjiinctions. The 
number of cases where both FPEG/\'LF format was 
used and DE 1 data were acquired \vas 12. The various 
parameters of these c a w  are listed in Table 1. Shown 
in th is  tahle are the locations of STS 3 and DE 1 at  the 
time of closest approach during the conjunction, the 
beani pitch angle and whether or riot tlie beam escaped 
the vehicle (see below). 

Beam pitch angle and PDP observations 
In order to assess the efTectiveness of the emitted 

electron beam for radiating whistler mode wavw, it is 
first necessary to determine the beam voltage and pitch 
angle. modulation frequency and polar angle of obser- 
vation with respect to thr georniigiirtic field [Harker arid 
Banks. thi-s issue). Sinre the ?rize of the STS 3 vehicle is 
comparable to the gyroradius of the - 1-keV electron 
beam. the emitted electron beam can collide with the 
vehicle for certain pitch angle ranges. 

A computer code was developed a t  Utah State 
University that uses the in-orbit attitude information 
for STS 3 in a model of the eartli'y magnetic field to 
determine not only the pitch angle of the beam at any 
given time but also whether or not the beam collided 
back onto the vehicle [5ojb et al.. 19801. For tlie case 
in hand. it \vas determined that in 1 I of the 13 cases the 
emitted electron beam collided with the vehicle within 
one gyroradius and thus did not move away from the 
vehicle. This \vas confirmed with the measuremcnt of 
the termination of the - I-ke\' electron flus observed 
by the PDP [Shawhan et HI.. this irrue]. 

\\'bile the radiation charartrristics or H pulwd 
electron beam are not well known. the radiaii-d 
electromagnetic field intensity is proportional LO the 
physical length of the nondi.y)erscd portion of the beam 
[Harker and Hanks. this issue]. Thus, it is espected 
that the fields radiated by a beam that does not leave 
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TABLE 1. Magnetic Conjunctions of STS 3 and DE 1 S a t e l l i t e s  

STS 3 STS 3 DE Closest 
GMT Dipole Dipole Dipole Footpr in t  Beam 

Number dd/hhm:ss  Lat i tude  Longitude La t i tude  Distance P i t c h  Escape 

2 
4 
5 

17 
20 
22 
25 
26 
27 
29 
32 
33 

-47.54 
-40.73 
-32.76 
-43.94 
-46.89 

-40.53 
-46.51 
-47.04 
43.50 

-39.96 
-43.94 

-38.14 

2.27 

1.46 
2.00 
2.22 

1.79 
2.19  
2.23 
1.97 
1.76 
2.00 

1.80 

1.68 

20.74 
-13.97 
-19.00 
-65.74 
40.18 

2.80 

-48.00 

13.05 

19.73 

8.11 
30.84 
57.79 

803.00 

1177.60 
1141.10 
875.40 
1033.40 
821.40 
703.90 

792.80 
1402.30 
1178.40 

879.50 

ala. 80 

70.65 
71.06 
66.20 
76.43 
68.70 
85.36 
55.39 
77.75 
76.60 
69.21 
149.27 
149.68 

no 
no 
no 
no 
no 
no 
no 
no 
no 
no 

p o s s i b l e  
p o s s i b l e  

the immediate vicinity of the vehicle will be lower in 
intensity than thore that would be radiated by a beam 
that propagates away. Data from the plasma diagnos- 
tic package (PDP) on the 0% I pallet for 4 of the 12 
cases in Table 1 showed that both electric and magnetic 
fields were associated with the FPEG operation times 
discussed here. While these eshibited signatures of the 
FPEC-induced VLF modulation. such observations in 
the close vicinity of the beam cannot easily be used to 
determine whether or not any propagating wave  were 
generated by the electron beam (Shawhan et al., this 
issue]. 

Roy-tracing analysia 
Since the physical distance between DE 1 and STS 

3 varied greatly during the magnetic conjunctions. ray- 
tracing analysis ha9 been done to determine whether 
any VLF waves that might be generated at the location 

82 81 b4 83 86 b7 88 80 
TIME IN 3 HOUR INTEDVAL coa OAYS al-aa 

Fig. 2. The approximate L value of the plasmapause 
during the STS 3 mission estimated using the criteria 
Lp z 5.7 -0 .47Kp where K p  is the maximum value of the 
Kp index in the preceding 12 hours [Carpenter and Park, 
19731. 

of STS 3 could propagate to DE 1. Here we present 
sample ray-tracing analyses representative of the con- 
ditions for the 12 cases listed in Table 1. 

Theoretical analysis of modulated electron besm- 
induced radiation shows that the beam is expected to 
radiate waves over a broad frequency range, but with 
maxima at the  modulation frequency and at the con- 
dition where the derivative of the  ray angle with f r e  
quency is zero (Harker and Banks, this issue]. In our 
ray-tracing calculations, we have used initial wave nor- 
mals d.~ < *$,, where $- is the local resonance cone 
angle and where the wave propagation direction for $ = 
0 is the direction opposite to the motion of the electron 
beam. 

Propagation paths of whistler mode waves in the 
magnetosphere are governed by the gradients of the 
static magnetic field and the cold plasma density in the 
anisotropic medium within which the rays are refracted. 
As the density model we have assumed a diffusive equi- 
librium model of the cold plasma density inside the p l sg  
masphere and an r-' model outside the plasmapause 
[Angerami and Carpenter, 19661. For the static mag- 
netic field a centered dipole approximation is used 
[Helliwell, 19851. To determine the  location of the p l sg  
mapause we have used an  approximate criterion given 
by Carpenter and Park, [1973), Le., tha t  the L value of 

O.17Kp where K p  is the maximum Kp in the preceding 
12 hours. Figure 2 shows a plot of Lp M a function of 
time during the STS 3 mission. According to this plot, 
the plasmapauee during this period was in the range 
Lp=4 to 5. 

To compute the ray paths, we have used the 
Stanford University VLF ray-tracing program described 
by Burtis, (1974); and Inan and Bell, (1971). Figure 
3 shows the equatorial cold plasma density profile for 

the inner edge of the plasmapause is given by Lp - - 5.7- 
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which the ray paths were determined. The  plasmapause 
location was taken to be Lp = 4.5. 

Figure 4 shows typical ray trajectories in a mag- 

propagating inside the plasmasphere. We have chosen 
4 kHz since it is roughly the average of the two discrete 
frequencies used in the FPEG/VLF format. As the in- 
jection latitude we have taken Am = -45', again r e p  
raentative of the average Am for the STS 3 locations 
during the conjunctions listed in Table 1. Also shown 
in Figure 4 are the locations of the DE 1 satellite during 
the same 12 conjunctions as identified by the conjunc- 
tion numbers. The  trajectories shown are for rays with 
wave normals 3 < f*, and spaced a t  10' intervals in- 
jected at the STS 3 altitude ( -  24Okm). The  dashed 
lines indicates the L = 4.5 field line. 

The ray paths shown in Figure 4 indicate that in 10 
of the 12 cases listed in Table 1, it was not possible for 
any VLF waves generated in the vicinity of STS 3 to 
reach the location of the DE 1 satellite. In these cases, 
the DE 1 satellite was typically outside the plasmapause 
and at  too high a latitude or altitude to  be intercepting 
waves generated at the STS 3 location with any initial 
wave normal. For example, in the two cases where the 
electron beam did leave the vehicle (conjunctions 32 and 
33) the satellite was too far north at latitudes Am > 
30'. In the C M  of conjunctions 4 and 25, the satellite 
position was within reach of any FPEG-generated wavw 
with initial wave normals in the range. However, as seen 
in Table 1, in both cases the FPEG-generated electrons 
collided with the main body of the STS 3 vehicle within 

0 netic meridional plane for a wave frequency j = 4 kHz 

one gyroradius. 

DE 1 linear wideband receiver data 
In this section we show sample wave da ta  acquired 

on DE 1 using the LWR during conjunction 4, one of 
the two conjunctions when the DE 1 satellite is believed 
to have been within the plasmasphere. Figure 5 shows 
frequency-time spectra in the 2 to 7-kHz range (the 
nominal receiver bandwidth in the mode used was 3 to 
6kHz) at two different times, both within a minute of 
the time of closest "magnetic" approach of STS 3 and 
DE 1 at 2059:08 UT on March 24, 1982. The top panel 

. shows lightning-generated whistlers that  may have ar- 
rived at the satellite through direct or reflected paths 
[Edgar, 19761, much like those shown in Figure 4. In this 
ease, however, the lightning-generated impulses must 
have entered the magnetosphere at magnetic latitudes 
higher than the Am = f45' used to represent the injec- 
tion point of any FPEG-induced waves. The  presence 
of whistlers with distinctly different dispersion indicates 
that they arrive at the  satellite on a t  least two different 
paths. Also, the whistlers may be generated by different 
lightning Rashes in the two hemispheres. 

The second panel shows similar spectra except for a 
noise burst that  is observed beginning at - 2059:52 L'T. 
The "bullet shaped" front end of the noise burst is con- 
sistent with a distant generation region and dispersion 

2.0 2.5 3.0 3.5 L O  L.5 5.0 5.5 S.0 S.5 
L 

Fig. 3. The equatorial cold plasma density profile used for 
the ray-tracing calculations. 

I 
'2 

Z? 

'.3 

I - 4.0 KH2 , INJ- AT 040.0 W 
DE-YODEL 0.4 H' 0.1 HI' 0.6 0' C I - ~ ' ~ .  for b5. 

Fig. 4. Ray paths for j = 4 kHz rays injected at a 
geomagnetic latitude of Am t -45' with the cold plasma 
model being as shown in Figure 3. Hays with initial wave 
normals between -u, and tur a t  IOi spacings are shown. 
Also shown are the locations of the DE 1 satellite during 
the 12 conjunctions of Table 1. 
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D E  1, (.LWR) 
A m  = 14"s , L = 3.65 9 4 g  = 24'E 

k 1-1 z 

A- I 

12059:49 UT 

2037:32 UT1 
o w - -  - - -  

I 

- - - -  7-  - 

1 I 

2 - ,  
0 

I 
5 

Fig. 5. Example of DE 1 1.WR data acquired during conjunction 4 on March 24, 1982. The upper panel 
shows lighting generated whistlers with distinctly different dispersion. The  lower panel. shows the same 
plus a noise burst observed a t  205952 UT. The  tail end of this noise burst lasted until 2100:15 UT. 

dong the path of propagation from there to the Ratel- 
lite. The characteristics and the frequency range ( -  3- 
.5 k i i z )  of this went warrant conyideretion for pmsible 
generation by FPEG/b'I,F niodiilation. I lowever. the 
t i r i n g  of the burst observation Feemr to rule out this 
possibility. ;\wording to the STS 3 / 0 S  1 data. the 
FPFX wa9 puled  with a \'LF format b e t w e n  2059:08 
to 2059:40 LIT. and no electrons were eniitted from 
'?O.iS:-lO to?IN:IO ('T. Siiirr theone-hop whistler mode 
time delay on thr  field linrs L < .I inside the plwma- 
sphere is typically 2-5 s. it does not Ieeni possible that 
a noise burst l ik r  the one shown. observed over t i m e  
that are 1% to 24 3 after t h e  time at which the FPEC 
was turned off, coiild be induced by the eniitted electron 
beani. In fact. t h r  tail end or t h e  noise burst lasted up to 
?100:15 1.T. ucll bt.yon0 the time corrwponding to the 
rightmost edgr of the  hottom panrl of Figure ;i. Also. 
ohsrrvntion of nirtrirnl noier bursts of thr kind $ h o w  

in Figure 5 is not uncommon [Dingle and Carpenter, 
19811. 

Thus, there seems to be no conclusive evidence that  
any FPEC-induced waves were observed by the DE 
I/LWR during conjunction 4, consistent with the fact 
that. as shown in Table 1, the emitted electron beam did 
not leave the immediate vicinity of the STS 3 vehicle 
during this magnetic encounter. While we have not 
shown DE 1 LWR data  acquired during the rest of the 12 
conjunctions of Table 1, we note here tha t  no significant 
wave activity was observed in the 3 to 6 k H z  band dur- 
ing most of these remaining 11 conjunctions. Since 
the satellite was outside the plasmapause during these 
times, no significant whistler activity was observed as 
would be expected (Carpenter e t  al. 19691. Observations 
of chorus emissions during some of these conjirnctio~is 
were also consist,ent with earlier satellite ob.servat.ionw 
outside the plasmapause [Burtis and Helliwell. 1975l. 
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During most of the 12 conjunctions the 3 to 6-kHz 
spectra were very quiet and uniform with no detectable 
wave activity. 

4. SUMMARY AND DISCUSSION 

In summary, we conclude that no detectable 
evidence of any FPEC-induced waves were observed 
on the DE 1 satellite. However, it should be noted 
there were no cases where the STS 3/DE 1 experi- 
ments were optimally carried out in the sense of emit- 
ting an  electron beam that  propagates away from the 
vehicle during a conjunction where it is possible for 
beam-induced waves to  propagate up to the satellite 
location. Thus, the results from the STS 3/DE 1 ex- 
periments are essentially inconclusive: in other words. 
we cannot, on the basis of these experiments. determine 
whether or not an electron beam with the characteris- 
tics of FPEG (in terms of current level and modula- 
tion frequencies) can generate electromagnetic radiation 
in the form of propagating whistler mode waves at a 
level detectable by presently available satellite bawd 
wave receivers. This determination would be an impor- 
tant goal of future experiments involving spacebawd 
electron generators such as those planned for Spacelrtb 
1 and 2 and ground- or satellite-based wave receivers. 

In the immediate future, there exist at least two o g  
portunities for carrying out experiments similar to those 
reported in this paper. The flight of Spacelab 1 (STS 
9) in September 1983 will carry the Space Experiments 
with Particle Accelerators (SEPAC) package, involving 
an electron generator that  can emit a 1.7-A beam of 
-7-keV electrons, thus operating at >JO times higher 
power level than the FPEG. While the modulation 
capability of SEPAC is limited, a 5-kHz pulsing fre- 
quency is planned to be used in an  attempt to generate 
electromagnetic waves. In addition, the OSS 1 VCAP 
experiment is scheduled to be flown again on Spacelab 
2 in March 1985 with the plasma diagnostic package 
(PDP). In this flight the PDP will be released from the 
orbiter, permitting it to measure any FPEG-generated 
radiation a t  distances of many wavelengths from the 
vehicle. 

In both the Spacelab 1 and 2 experiments, the poten- 
tial also exists for coordinated experiments with existing 
Ireflying satellite3 M well BS ground stations equipped 
with wave receivers. The criteria used for defining a 
magnetic conjunction in such experiments should be 
chosen in the light of the ray-tracing result given in 
Figure 4. While the criterion outlined in section 2 above 
was utilized for STS 3/DE 1 experiments in order to 
reduce the number of conjunctions in the limited tiriie 
available, other criteria may also be used. For example, 
while it is important for the two satellites to be close 
in geomagnetic longitude, the nonducted ray paths of 
Figure 4 indicate that  cloeenesa in latitude is not that  
critical. In fact, almost any latitude to the north of the 
STS 3 location in Figure 4 would have been satisfactory 
for the case shown. 
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Effects of Chemical Releases by the STS 3 Orbiter on the Ionosphere 
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The Plasma Diagnostics Package. which was flown aboard STS 3 as part of the Office of Space h e n c e  
first shuttle payload (OSS 1). recorded the effects of various chemical releases from the orbiter. Changes 
in the plasma environment were observed to occur during flash evaporator system releases. water dumps, 
and maneuvering thruster operations. During flash evaporator operations, broadband orbiter-generated 
electrostatic noise was enhanced, and plasma density irregularities (ANIN) were observed to increase by 
3-30 times with a spectrum which rose steeply and peaked below 6 Hz. Ions with energies up to several 
hundred eV were also observed during one flash evaporator operation. In the casc of water dumps. 
background electrostatic noise was enhanced at frequencies below about 3 kHz and suppressed at 
frequencies above 3 kHz during the dump, and ANIN was also to increase by 5-6 times. Various 
changes in the plasma environment werc effected by primary and vernier thruster operations, including 
increases in electron density by as much as 3 orders of magnitude, neutral pmsure increases to as high as 
IO-‘ torr from the nominal lo-’ torr, and perturbations in the spacecraft potential by several volts, 
particularly when measured in relation to the plasma potential in the wake. Thruster activity also 
stimulated electrostatic noise with a spectrum which peaked at approximately 0.5 k H z  In addition, ions 
with energies up to 1 keV were Seen during some thruster events. 

1. INTRODUCTION 
Since the first space shuttle launch, in April of 1981, con- 

aerable interest has been generated in ionospheric modifi- (I) ations effected by the shuttle, both during launch and during 
orbital operations. The effects of rocket exhaust on the iono- 
sphere have been studied and recorded in considerable detail 
since Booker [1961] first reported a local diminution in ioni- 
zation density forming a hole through the F region associated 
with the firing of Vanguard I1 in 1959. A review of the findings 
to date, particularly with regard to large space systems, was 
given by Rote [I9801 and included such environmental effects 
as plasma depletion, temperature change, and airglow exci- 
tation. A brief history of rocket-induced perturbations upon 
the upper atmosphere was also given by Mendillo (19801. In 
addition, he described a method for assessing how the space 
shuttle’s engines would affect the ionosphere in the vicinity of 
the engine burns. A review of the effects on the ionosphere due 
to the deliberate release of known quantities of highly reactive 
chemicals such as H,O and CO, was given by Pongrarz 
[1981]. The environmental impact on the D and E regions of 
the ionosphere of chronic discharges of water vapor from 
large rockets was investigated by Forbes [1980]. While most 
of the previously mentioned papers deal with largescale 
chemical releases, whether planned releases for scientific study 
or whether released as a result of rocket transit through the 
ionosphere, shuttle-produced chemical releases, although 
much smaller by comparison, do perturb the environment 
near the shuttle. These perturbations tend to be more local- 
ized than the large-scale releases; however, they do affect the 
ambient ionosphere and therefore help us understand the ef- 

derstand the distinction between these two types of releases. 
of larger releases. On the other hand, it is important to 
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The foregoing discussion of large-scale releases provides the 
impetus and background for studying the smaller shuttle- 
produced releases. 

The purpose of this paper is to present observational evi- 
dence of ionospheric modification by using data taken by the 
Plasma Diagnostics Package (PDP) [Neupert er al., 19823 
during Space Shuttle orbiter chemical releases. The space 
shuttle is an ideal vehicle for experiments involving iono- 
spheric modification. Not only does it initiate chemical re- 
leases, but it also provides the platform from which to monitor 
the effect of those releases. While not intended to be scientific 
ventures, the orbiter water dumps, fiash evaporator system 
(FES) releases and thruster operations are, in effect, chemical 
releases. It is to be understood that the study of these effects is 
limited to the near vicinity of the orbiter and indeed to the 
gaseous and plasma envelope of the shuttle itself. However, 
the measurements of the effects should not be ignored simply 
because they cannot tell us what the end result of the release 
will be. The first few seconds of any release are very important 
in that many of the critical chemical reactions and kinetic 
effects happen during that time. By being in the bay of the 
shuttle near the point of release, the first few seconds of these 
releases can be studied in detail giving us a clue to the early 
chemistry that takes place in larger releases. An underlying 
theme of this paper is that orbiter operations produce effects 
which are measurable by a wide range of instruments. Hence, 
it is obvious that a potential shuttle experimenter should be 
aware of the nonambient nature of the ionosphere in close 
proximity to his or her detectors. 

An outline of the paper is as follows: Section 2 contains 
STS 3 mission and operational considerations, including an 
overview of orbit and ionospheric characteristics, shuttle oper- 
ations, and PDP instrumentation. The observations of the ef- 
fects of flash evaporator system releases, water dumps, and 
thruster operations are presented in Section 3. Finally, some 
concluding remarks and possible explanations for the physical 
processes involved are offered in Section 4. 
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Fig. 1. Plasma Diagnostics Package in pallet location as part of the Office of Space Science first shuttle payload. The 
various wave sensors arc identified on the Plasma Diagnostics Package. 

2. MISSION AND OPERATIONAL CONSlDEIUTlONS 

2.1. STS-3 Mission 
During March 22-30, 1982 the Plasma Diagnostics Pack- 

age was flown on the third space shuttle mission (STS 3) as 
part of the Ofice of Space Science (OSS 1) first shuttle pay- 
load [Neupert et al., 19821. Figure 1 shows the OSS 1 instru- 
ments as they were mounted on the aft pallet and points out 
the external sensors on the PDP. The orbiter was placed in a 
circular orbit at an altitude of 241 km and an inclination of 
38", which resulted in an orbit period of approximately 14 h. 
The STS 3 mission's primary objective was to analyze the 
orbiter's operation over a wide range of thermal extremes; 
thus many different orbiter attitudes were achieved. Eighty 
hours out of approximately 192 were spent in a nose-to-sun 
attitude to cause low temperature extremes in the engine com- 
partments, with a roll rate which was twice the orbit rate (see 
Figure 2); this attitude interval was when most of the PDP 
data were taken. At the ascending node (equator crossing 
moving northward), the orbiter attitude was such that atmo- 
spheric gases were ramming into the bay. As the orbiter 
headed toward descending node and night, it completely 
blocked the flow of gases into the bay, and a wake condition 
prevailed in and just above the bay. 

2.2. Ionospheric Characteristics 
Using satellite measurements as well as numerical models, 

the F2 region of the ionosphere can be characterized as fol- 

lows: It extends from approximately 225 to 400 km with a 
neutral component of <lo9 an-' and an average plasma 
density of 105-106 cm-'. The dominant ion of this region is 
0'. which is created by ionizing UV, and the dominant neu- 
tral is 0. In addition, N, and 0, are important constituents 
since they are believed to play an important role in the prin- 
cipal loss process of the 0' ion [Banks and Kockarts. 19731. 

2.3. Shuttle Operations 
During orbital operations the flash evaporator may dis- 

charge water to supplement heat rejection when the orbiter 
attitude is  thermally unfavorable. A secondary function of the 
evaporator is to expend excess potable water produced by the 
fuel cells that has accumulated in the potable water tanks. The 
vaporized water produced by the FES during these two pro- 
cesses is discharged through two thrust-balancing sonic noz- 
zles, one on each side of the aft fuselage, which are known as 
topping FES vents (see Figure 3). An FES plume study was 
conducted in June of 1978 at Johnson Space Center (S .  Jacobs, 
personal communication. 1984). The results of this study were 
inconclusive owing to some of the equipment malfunctioning 
and the fact that the tests took place in a large chamber with 
many exposed cold surfaces. However, these tests did suggest 
that 100% water vapor (no particulates) was released by th 

was specifically designed to be 100% eficient at releasin %) FES during topping releases. In fact. the FES topping syste 

steam. No crews of any shuttle flights to date have reported 
seeing any particulates released through the FES toping vents 
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Fig. 2. Sketch of the orbit of the third space shuttle flight during 
the nose-to-sun attitude with the Orbiter roll at 2 times the orbit rate 
leading to a ram condition near the ascending node and a wake 
condition at the descending node. 

(S. Jacobs, personal communication, 1984). The water vapor is 
discharged in pulses with a variable pulse rate and a pulse 
width equal to 200 f 30 ms. The maximum pulse rate is 4 Hz 
at 22.7 kg/h [Hamilton Standard Engineering, 19823. For ex- 
ample, for an average FES release of 2.3 kg/hr., the pulse rate 
is 0.4 Hz, which means every 24 s there is a 0.24 pulse of water 

and a 2.3-s gap. It should be noted that a plot of mass 
w rate versus pulse rate is not linear since mass flow rate 

also depends on feedwater pressure. Therefore if the mass flow 
rate is known, only an estimate of the pulse rate can be ob- 
tained. The plume expands along the f Yo axes of the orbiter 
and in some cases is reflected by the wings [European Space 
Agency (ESA), 19823. A high-load FES vent is also pointed 
out on Figure 3 which was used primarily at the beginning 
and end of the mission when the payload bay doors were 
closed. During the STS 3 mission there were 20 FES releases 
of varying lengths from a minute to more than 2 h. The PDP 
was turned on during four of these FES releases, all of which 

""9' 2 

were topping FES releases. Table 1 lists these releases and the 
location of the PDP. 

Water management on the orbiter includes storing. distribu- 
ting, and disposing of excess water generated by the fuel cells. 
This excess water is dumped overboard in a nonpropulsive 
fashion at predetermined times [€SA, 19821. The water relief 
vent for water dumps is located on the port side, rearward of 
the forward bulkhead and about 1.5 m down from the door 
hinge (see Figure 3). A total of nine water dumps were made 
during the mission, each of which lasted for approximately 45 
min to an hour. The average dump rate was 64 kgjh, with the 
amount of water being dumped varying from 41 to 93 kg. 
Most of the water dumps began around sunset and ended 
shortly after sunrise. The water dumped at night turned to ice 
upon release. The ice sublimated as the Orbiter passed into 
sunlight. 

The Reaction Control System (RCS) is used on the orbiter 
to control attitude. The system consists of 38 primary (395 kg) 
thrusters and 6 vernier (11 kg) thrusters. Figure 3 shows the 
location of these thrusters from a side view. Both verniers and 
primaries are located in the front and rear of the orbiter. In  
this view the circular designation means the thrust is directed 
sideways, and the oval means the thrust is directed down. The 
other side of the orbiter has a matching set of these thrusters. 
In addition, there are a set of primaries which thrust up and 
forward in the front of the orbiter and a set of primaries which 
thrust up and back in the rear of the orbiter. Because of the 
location and direction of thrust of some of the RCS thrusters, 
a certain number of the thruster plume molecules are reflected 
off orbiter surfaces [€SA, 19821 as well as returned to payload 
instruments, resulting in contamination [Ehlers, 19841. 

Table 2 shows thruster plume characteristics for both the 
vernier and primary thrusters, including composition of the 
exhaust and numbers of ions and neutrals ejected in a typical 
firing (while maintaining orbit) and in a long firing event 
(while maneuvering to a new orbit attitude). It should be 
noted that the stated composition of the exhaust plume, both 
neutral and ionic, is based on thermodynamic equilibrium cal- 
culations since actual measurements are very difficult to make. 
These predictions are the result of a thermodynamic one- 
dimensional model program called CONTAM 111, which was 

' ,OMS ENGINE - 

\\ / I 
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THRUSTER 

RCS VERNIEF 
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Fig. 3. Identification of the flash evaporator system vents which release water vapor, the water relief vent which 
releases liquid water, and the maneuvering thrusters (primary and vernier) which release many neutrals and ions as shown 
in Table 2. 
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TABLE 1. STS 3 FES Water Usage 

Start Time 
Duration, Location Usage. 

Day UT h:min Type of PDP kg 

82 0117:58 0:02 Topping Pallet c .45 

86 201O:OO 0:Ol Topping Pallet < .45 

85 123000 2:32 Topping RMS* 26 
85 1501:44 1:30 Topping RMS 15 

*Remote Manipulator System Arm 

developed for the purpose of predicting plume contamination 
effects [Hoffman and Hetrick, 19823. The model does not take 
into account kinetic effects, chemical reactions, or charge in- 
terchanges that may occur immediately after a thruster firing. 
Thus, although such ions as CO, - are unstable and predicted 
to be a part of the thruster exhaust, these ions most likely 
undergo immediate chemical reactions with other components 
of the exhaust or even neutrals and ions present in the iono- 
sphere. We would also like to point out the following regard- 
ing Table 2: (1) MMH-No, is only a suspected constituent of 
the plume and is believed to be a condensable, and (2) Only 
the most dominant ions (mole fraction > IO-'') are listed in 
the table. The model actually predicts several other ions to be 
present, such as OH' and NO,-; however, the maximum 
mole fraction of each of these ions is predicted to be 5 
and thus we have not included them in the table. The velocity 
of the exhaust gases a t  all points in the plume after all energy 
has been converted is predicted to be 3.5 km/s based on a 
given temperature of approximately 3000" K (using the 
CONTAM 111 model). During the mission. there were over 
40,OOO thruster firings of varying lengths from 0.08 s to tens of 
seconds. When the P D P  was turned on  and taking data, 
nearly all of these firings as well as every FES release and 
water dump were evident in the data through one or more 
measured parameters. 

2.4. PDP Instrumentation 
A primary objective of the P D P  was to measure aspects of 

the orbiter's induced environment both in the payload bay at 
the pallet level and above the bay to a 15-m height through 
use of the Remote Manipulator System (RMS). The P D P  car- 
ried a complement of 14 instruments that measured elec- 
trostatic and electromagnetic waves, dc magnetic and electric 
fields, ion composition and flow, ion and electron energy dis- 
tribution functions, plasma temperature and density, and neu- 
tral pressure. Some of the instruments which showed effects 
during chemical releases are briefly described below. A more 
detailed description of the instrument complement. the associ- 
ated receiver systems, and the range of measurements possible 
can be found in works by Shawhan et ai. [ 1984~. b]. 

A S-cm-diameter, gold-plated spherical Langmuir Probe 
measured electron density and temperature and electron den- 
sity irregularities (ANIN) in the frequency range 0-40 Hz. Two 
spectrum analyzers were used to look at electrostatic and elec- 
tromagnetic waves and AN/N irregularities in the frequency 
range 31 Hz to 178 kHz. One of the spectrum analyzers was 
dedicated to observing the electric component of waves using 
a double probe with two 20-cm-diameter black spherical sen- 
sors separated by 1.6 m. The other analyzer was periodically 
switched between the electric dipole antenna, the magnetic 
search coil, and the Langmuir Probe (see Figure I for location 
of these sensors on the PDP). The dc  electric fields in the 

range k4.8 V/m were measured using the electric dipole an- 
tenna, and spacecraft potential with range k8.2 V was mea- 

with respect to the P D P  ground, which was the same as th ., sured by taking the average potential between the two spher 

orbiter ground. A cold cathode ionization gauge measured 
ambient pressures from I O - '  to I O - '  torr. Finally, pitch angle 
and flux of energetic electrons and ions with energies 2 eV to 
36 keV were detected with a low-energy proton and electron 
differential energy analyzer. 

3. OBSERVATIONS 

Flash Evaporator System Releases 3. I. 
Figure 4 provides Langmuir Probe and plasma wave data 

taken during the 2-min FES release on  day 82 (UT) under 
daytime conditions. The top panel shows that for every 1.6-s 
sample plotted during the release the Langmuir Probe saw 
peak to peak voltage outputs which covered the full dynamic 
range of the instrument. By applying a fast Fourier transform 
(FFT) algorithm to these data, the AN/N plasma turbulence 
spectrum shown at the top of Figure 5 was obtained. This 
spectrum shows that the turbulence was increased by as much 
as 30 times over background below 10 Hz and increased by 
approximately 3 times at frequencies 10-40 Hz. The FES re- 
lease spectrum was seen to rise steeply below 6 Hz and peak 
at approximately 0.5 Hz. which was, in all probability, the 
pulse rate of the FES release at  this time. The basis for this 
assumption will be discussed at  the end of this subsection. 

TABLE 2. Thruster Plume Characteristics 

Vernier Thruster (VRCS) Pnmary Thruster (PRCS) 

1 = 40.8 @/engine m = 1419.8 gjsjengine 

Molecular Weight Mole Fraction Specla 

Composition. Neutrals 
18 0.328 
28 0.306 

HI0 
N, 
CO, 44 0.036 

32 O.OOO4 
28 0.134 

0, 
co 

2 0.17 
1 0.015 

H* 
H 
MMH-NO, I08 0.002 

Composition, Dominant Ions 
NO * 30 
co, - 44 2.7 x lo-'' 

Electrons - 

1.7 x lo-' 

OH- 17 4.3 x 1 0 - ' O  
2.4 x IO-+ 

Total Number of Neutrals 
and Ions Ejected 

Number of Number of Ions 
(Electrons) Neutrals 

VRCS 
Typical. 1.3 i o 2 5  3.1 1017 
Longestt 1.7 x IOz6 3.8 x 1019 

Tvaical? 9.2 x i0z4 2.1 x 10" 
P R C S  

-, r - - -  7 

Longest$ 5.5 1025 1.2 x 1018 

'Based on 2 firines eiecting 163 g over 2 s. 
tBased on 14 fin&s>jecting 2 1 6  g over 30 s. 
:Based on I firing ejecting I14 g over 80 ms. 
$Based on 5 finngs ejecting 682 g over 720 ms. 
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Fig 4 Effects of a flash evaporator system release at 01 18. The top panel shows that the Langmuir Probe repstered 
peak-to-peak voltage outputs covcnng the full dynamic range of the instrument. The bottom panel shows that the peak 
intensity of 1-kHz electnc waves rose substantially over the background during the release while the average did not. A 
vernier thruster finng is dlso pointed out at 01 16 

Associated with the AN:N increase was an enhancement in 
the background orbiter-generated electrostatic noise [Shawhan 
et af., 198463, which in panel 2 of Figure 4 was shown to be 
IO-' V/m at 1 kHz before the release. The average value of 
the I-kHz electric field (based on the average seen during each 
1.6-s sample) during the release rose only slightly while the 
peak value (the maximum encountered during each 1.6s 
sample) was at least half an order of magnitude greater than 
before the release. An effect in the electric field during FES 
releases was seen at all frequencies from 31 Hz to 31 kHr and 
sometimes as great as 100 kHz, depending on Orbiter attitude 
and on day/night and ram/wake conditions. The bottom half 
of Figure 5 shows electric field spectral density for the FES 
elease on day 82. I t  can be seen here that electric field spec- 
ral density was clearly enhanced by as much as 20 dB up to 

31 kHz. Other data available show there were no obvious 
effects on the wave magnetic field, spacecraft potential, dc 
electric field, or neutral pressure. 

The FES release discussed above took place during the 
nose-to-sun attritude. It is apparent from Figure 1 that the 
PDP sensors, Le., Langmuir Probe and electric field sensors, 
were located well inside the bay and were shielded by other 
instrument packages from flow in some directions. Since the 
plume of water vapor expands along the *Yo axes of the 
orbiter, a more ideal location for the PDP would be on the 
RMS near the back of the orbiter. Of the two releases that 
took place while the PDP was on the RMS, essentially the 
same effects as noted above were seen. In addition, a pulsing 
effect was seen in the fluxes of low-energy electrons and ions. 
This was particularly obvious in the ion data when the P D P  
was on the RMS near the back of the orbiter as seen in Figure 
6a. At this time, which was shortly after noon, we saw a 
pulsing effect in the ion fluxes up to about 1 keV. A line plot 
of counts versus time for 92.1-eV ions, shown at the bottom of 
this figure, clearly shows the variation. 

A careful analysis of the data, which showed a cycle of 
about 5/min. the sweep time of the particle detector (1.4 s plus 
0.2 s rest), and the pulse rate of the flash evaporator system 
(which we know to be less than 4 Hz) indicated that the 
pulsing effect was due to a beat frequency between the sweep 
of the particle detector and the FES pulse rate. In fact, com- 
puter modeling has shown that a FES pulse rate of 1.8 Hz 

ould give a spectrum similar to that shown at the top of e igure 6a. In addition, output amplitude versus time from the 
Langmuir Probe clearly showed a periodic variation at 1.8 Hz 
for this release (see Figure 6b), and the ANIN plasma turbu- 
lence spectrum peaked between 14 and 2 Hz. A pulse rate of 
1.8 Hz for the FES at this time is consistent with what en& 

.r 

neering models from Hamilton Standard predict (A. Decris- 
antis, personal communication, 1984). The production of hot 
ions up to 1 keV is not yet fully understood; however, a few 
remarks concerning a mechanism which could possibly ex- 
plain this phenomenon are given in Section 4. 

3.2. Water Dumps 

Figure 7 is a plot which shows Langmuir Probe and plasma 
wave measurements as a water dumping operation ended. The 
water dump had begun 35 min prior to the beginning of this 
plot. The end of the dump was characterized by an abrupt 
decrease in A N / N  turbulence at 1654 UT on day 83. A total of 
42 kg of water was dumped at an average dump rate of 65 
kg/hr. Panel 1 shows that during the water dump the Lang- 
muir Probe recorded peak to peak voltage outputs which cov- 
ered the full dynamic range of the instrument. At water shut- 
off the voltage output dropped to background level almost 
immediately. which was the case with FES releases. However, 
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- 30 I I I 

DAYTIME 

I I I I 
IO 20 50 40 

FREOUENCY (Hi) 

ELECTRIC FIELD SPECTRAL DENSITY 
I 1 I I 1  

I I 

1 2 3 4 5  
LOG FREOUENCY ( HZ 1 

- l60b 

1902 DAY 82 

Fig. 5. ANIN plasma turbulence spectrum and electric field spec- 
tral density for the flash evaporator system release shown in Figure 4. 
The AN/N spectrum rose steeply below 6 Hz and peaked at about 0.5 
H r  which was the pulse rate of the flash evaporator at this time. The 
bottom plot shows that background electrostatic noise was enhanced 
at all frequencies up to about 31 kHz. Zero dB corresponds to 1 
V2/M2'Hz. 
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Fig. 60. Ion energy spectrum during a flash evaporator system release while the Plasma Diagnostics Package was on 

the Remote Manipulator System. The spectrum shows a beat frequency between the sweep time of the ion detector and the 
pulse rate of the flash evaporator. Ions with energies up to about I keV are seen at this time (see discussion in 4.1). The 
bottom panel shows the 92.1-V energy channel plotted to show the flux variation with time. 

the turbulence spectrum was much broader and extended to 
higher frequencies than that observed during FES operations 
as shown at the top of Figure 8. Plasma turbulence appeared 
to be increased 5 to 6 times over background at  all frequencies 
0 4  Hz. 

Panel 2 of Figure 7 shows that the background noise at 
0.178 kHz had been elevated slightly during the water dump. 
Figure 8 shows that in fact, amplitudes at all frequencies up to 
about 3 kHz were elevated during the dump and amplitudes 
at all frequencies from 3 to 100 kHz were suppressed. How- 
ever, tt'is spectrum depression was not seen in the FES re- 
leases as shown at the bottom of Figure 5. It should be noted 
that sunrise occurred at approximately 1651 UT on day 83 in 
Figure 7, which is also a near-ram condition. Even though the 
water dump had begun during nighttime conditions, peak to 
peak voltage outputs covering the full dynamic range from the 
Langmuir Probe were seen during most of the dump. A water 
dump that occurred on day 84 also showed similar effects. As 
seen in Figure 9, the beginning of this water dump at 01 I 1  was 
evident only at the low frequencies, possibly because the bay 
was in a wake condition at this time and the orbiter-generated 
noise was  almost absent. The near lack of effects seen when 
the electrostatic noise was absent might imply that the effect 
of the water dump was not to generate the noise but merely to 
amplify it  i f  i t  was already present. Wave magnetic field, 
spacecraft potential. and dc electric field were not affected by 
the water dumps. as was the case with FES releases. However, 
neutral Pressure appeared to be affected only during that part 
of the orbit in which density was lowest, i.e., in wake. During 
this part of the orbit. neutral pressure readings were slightly 
greater with water being dumped than without it. 

Sm1dd.V et d. [I9831 reported that on another shuttle mis- 

sion during a water dump there was a ANIN increase at fre- 
quencies between 30 and 503 Hz. an enhancement of elec- 
trostatic noise, a decrease in the spacecraft potential, and an  
unchanged dc field. With the exception of a decrease in space- 
craft potential the results seem to be similar to those of the 
PDP. 

3.3. Thruster Operations 

Most of the plasma effects observed by the P D P  during 
thruster firings are shown in Figure LO. This plot covers a 
10-min time period during the daytime (sunset occurred at  
1540) with the payload bay in a near-wake condition up to  
1536 and during which several primary thrusters were fired. 
The P D P  was in the bay at  this time, but the effects were 
similar when the P D P  was on the RMS. Note that the P D P  
provided a resolution of 1.6 s for most of these measurements, 
which was considerably longer than the typical 80-111s firing of 

PLASMA DENSITY FLUCTUATIONS 
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Plasma density fluctuations during an FES release while 
the PDP was on the remote manipulator system (see Figure 6a). The 
data show I I cycles in 6.1 s for a periodic variation at 1.8 H r  which 

Fig. 6h. 

other data and.rnodeling show to be the pulse rate of the Rash evap- 
orator at this time. 
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Fig. 7. EtTects of a water dump that ended at 1654. The top panel shows that the Langmuir Probe registered 
peak-to-peak voltage outputs covering the full dynamic range of the instrument during most of the dump. The bottom 
panel shows that I-kHz electric waves were elevated over background during the dump. Vernier thruster firings are also 
pointed out at 1655 and 1658. 

a primary thruster. When thrusters fired, the Langmuir Probe, 
which responded to variations in the electron density near the 
PDP. typically saw peak to peak voltage outputs which cov- 
ered the full dynamic range of the instrument with frequency 
components in the 0- to 4 0 - H ~  range ( s e t  Panel 1 of Figure 
IO). In addition, the Langmuir Probe measured electron den- 
sity. As shown in Panel 2, the density was seen to increase by 
2-3 orders of magnitude every time a thruster fired. Please 
note that the absolute density scale as labeled is still subject to 
revision at this time. However, the relative change seen in 
density with every thruster firing will be unchanged should the 
scale be revised. At the same time the electric field at fre- 
quencies from 30 Hz to 210 kHz was seen to increase by 

most 2 orders of magnitude to 0.1 V/m. The 1-kHz channel, 
ich is representative, is shown in Panel 3. In the fourth and ai th panels, low-energy ions (58.9 eV) and electrons (2.56 eV) 

are displayed which showed increases in flux with nearly every 
thruster firing up to 1536. Ions with energies up to 1 keV were 
seen with some thruster firings during the mission. Pressure 

AN/N 4ASMA TURBULENCE SPECTRUM 

DAYTIME 

FREQUENCY ( Hz I 

ELECTRIC FIELD SPECTRAL DENSITY - or , I 1  

W A T E R W M P 1 1 6 5 3 . W I  

DOST- WATER DUMP 
11654.50 I ; -120 

c 

1982 DAY83 

ig. 8.  A N I N  plasma turbulence spectrum and electric field spec- (). ral density for the water dump shown in Figure 7. The A N i N  spec- 
trum was elevated over background at all frequencies from 0 to 40 
Hz. The bottom plot shows that background electrostatic noise was 
enhanced at all frequencies up to about 3 kHz and suppressed at all 
frequencies above that. Zero dB corresponds to 1 V','M'/Hz. 

spikes (Panel 6) were seen for several firings, with some pro- 
ducing increases up to 2 x torr. Pressure spikes up to 

torr were observed during certain thruster firings tests 
[Shawhan et af., 198461. The resolution of the pressure gauge 
is 1.6 s. which explains why many of the thruster firings 
showed no effect on pressure. In Panel 7 the potential of the 
P D P  s p a a n a f t  a n d  orbiter with respect to the plasma (SC 
POT.) shows a 2-V change with each firing up to 1536. The 
electric field in the vicinity of the P D P  (EDIFF) was oc- 
casionally perturbed by as much a 1 V/m. Finally, Panel 8 
shows that only primary thrusters were fired during this 
10-min time period. The firing of one thruster is indicated by a 
half line, with a full line indicating the firing of two or more 
thrusters a t  approximately the same time. 

As mentioned in the preceding paragraph, electron density 
was seen to increase by 2-3 orders of magntiude during a 
thruster firing. This effect was most pronounced, however, 
when the orbiter was in a wake condition, i.e., low initial 
density ( < IO' cm-'). At higher electron density (> IO5 cm-') 
and thus at  a different attitude a thruster firing tended to 
reduce the density. In addition, the ion mass spectrometer 
which was flown on  the P D P  [Grebowsky et al., 19831 saw 
order of magnitude enhancements in H,O+ and NO* during 
thruster firings. Although NO' is a constituent of the exhaust 

VLF ELECTRIC FIELD DATA 
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Fig. 9. A 30-min plot of VLF electric field data which shows that 
a water dump began at about 01 11. Effects are noticed only at low 
frequencies since the bay of the orbiter was in a wake condition. 
Vernier thruster firings are also pointed out. 
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Fig. 10. A IO-min sample plot of measurements made by the PDP indicating the pressure and plasma effects of primary 
thruster firings. Some of the effects disappeared as the bay came out of a near-wake condition at about 1536. 

plume (see Table 2). these momentary enhancements of NO' 
are most likely due to the reaction 0' + N2-+ NO' + N, 
which takes place at  the rate of 1.3 x lo-'' cm3/s [Ferguson, 
19733. Thus, it is the dominant neutral N, constituent of the 
plume which reacts with the ambient 0' to produce the en- 
hanced NO'. Likewise, the HzO+ must be produced by 
charge uxchange between ambient 0' and neutral water, 
which is a dominant constituent of the plume. It should be 
noted that the lack of effects in the ion and electron data and 
in the electric field and spacecraft potential after 1536 was 
certainly a result of the payload bay coming out of wake 
and/or approaching the day/night terminator. 

Vernier thruster firings produced the same effects as noted 
above, although in many cases the effects were minimized 
owing to the smaller amount of gas being ejected. Some vtr- 
nier thruster firings are noted on Figures 4, 7, and 9. The 
spikes seen in the ANIN data (panel 1) in Figures 4 and 7 and 
not noted as thruster firings are an  instrumental effect and are 
in no way related to thruster firings. In addition, the turbu- 
lence spectrum and electric held spectral density spectrum for 
a vernier thruster firing are shown in Figure 11. These plots 
show that AN/N electron density irregularities during thruster 
tirings were increased over background by as much as I O  
times at all frequencies 040 Hz and background electrostatic 
noise stimulated by the thruster firing was most intense at 
frequencies below IO kHz and peaked around 0.5 kHz. For 
more details on the effects of thruster firings during STS 3, see 

above have been reported on other shuttle flights [Smiddy et 
al., 1983: McMahon et al., 1983: and Narcisi et al., 19831. 

4. DISCUSSION A N D  CONCLUSIONS 

The Space Shuttle perturbs the ambient ionosphere in many 
ways as it carries out its planned missions. A foreknowledge of 
these perturbations will aid all researchers who wish to use the 
shuttle as a platform from which to conduct their experiments, 
whether they be astronomy-related or physics-related experi- 
ments. The results of the P D P  on STS 3, as presented in this 
paper, show clearly the early effects on  the ionosphere of 
shuttle-produced chemical releases. These results are valuable 
in helping to understand the early effects on the ambient iono- 
sphere of the larger releases from rockets for which measure- 
ments close to the release are nearly impossible. A summary of 
the effects observed by the P D P  and possible explanations for 
them are as follows. 

4. I .  
The Hash evaporator system released vaporized water a t  a 

variable pulse rate. During this time the plasma density ir- 
regularities (ANIN) were increased by 3-30 times. In addition, 
the fast Fourier transform of the Langmuir Probe data 
showed a spectrum that rose steeply and peaked below 6 Hz, 
in agreement with the possible pulse rates, and extended to 
Hz. which was the limit of the detector. At the same time the 
plasma wave data (Figure 4) showed an enhancement in the 

Flash Eoaporator System Releases 

49 
Murphy et ul. [ 19831. Similar effects to the ones mentioned background orbiter-generated electrostatic noise at fre- 
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Fig. 11. A N I N  plasma turbulence spectrum and electric field 
spectral density for the vernier thruster firings shown in Figure 4. The 
A N l N  spectrum was elevated over background at frequencies from 0 
to 40 Hz. The bottom plot shows that electrostatic noise was slimu- 
lated at all frequencies up to about IO kHz. The spectrum peaked at 
about 0.5 kHz. Zero dB corresponds to I V'/M2,"z. 

uencies 30 Hz to 31 kHz and as high as 100 kHz depending 
n the orbit and attitude characteristics. Figure 6a illustrates 

the periodic variation in energetic ion particle flux which was 
consistent with an FES pulse rate of 1.8 Hz. The fact that this 
variation exists is evidence that the time scale of the onset of 
plasma modification by the water vapor was fast. For releases 
of only a few grams of water vapor per pulse the plume dis- 
persed rapidly (within a few seconds), which reasonably ex- 
plains the decay time of any plasma effect. The fast ( < I  s) 
onset time is consistent with the O+/H,O charge exchange 
reaction which occurs at the kinetic rate (2.4 x cm3/s) 
[Ferguson. 19733. The fact that this charge exchange reaction 
occurs lo00 times faster than the dominant F region 0' loss 
process [Mendillo er al.. 19753 causes it to dominate the local 
ionospheric chemistry. 

Additional evidence of the rapidity of the plasma/H,O in- 
teraction is provided by the Lagopedo ionospheric depletion 
experiments conducted in September 1977 [Pongratz er al., 
1978; Sjolander and Szuszcxwicz, 19791 which involved re- 
leasing water vapor into the F region of the ionosphere. These 
experiments confirmed that charge exchange and dissociative 
recombination took place shortly after the releases and per- 
sisted for nearly a half hour. The hole was nearly isotropic and 
Gaussian in profile, with a thickness at half depletion of 60 
km. 

Day versus night effects are summarized by Bernhardt 
[1976] when he states that water vapor is acceptable as a 
daytime release from the Shuttle but loses efficiency at creat- 
ing a hole in the plasma at  night owing to its condensation 
nto ice crystals upon release. Zinn and Surherland [I9801 

of about 5 min, which is long enough for them to traverse a 
great distance (kilometers) before they evaporate. This would 
seem to indicate that the P D P  should see little or no change 
in electron or ion flux during night releases. This prediction 

e pointed out that such ice crystals have an evaporative lifetime 

can neither be confirmed nor denied for the case of FES oper- 
ation since not enough data were taken under appropriate 
conditions. 

During the time the PDP was on the RMS (see Figures 6a 
and 66) the flash evaporator was releasing an average of 0.6 g 
of water vapor each time it  pulsed. This means that approxi- 
mately 4 x IOzz water vapor molecules were being released 
every second. Because this release is pulsed and occurs in 
vapor form, the FES should be very efficient at creating a 
plasma hole at F region altitudes. The P D P  data taken during 
the daytime support this. Section 4.4 further examines the 
plasma/H20 physics, seeking to understand the phenomenon 
which would take place after the charge exchange reaction 
occurs. 

4.2. Wurer Dumps 

Plasma eti'ects noted during water dumps include increased 
pressure in the shuttle wake, plasma turbulence increases at all 
frequencies up to 40 Hz, and enhancement of the background 
orbiter-generated electrostatic noise at frequencies from 30 Hz 
to approximately 3 kHz and a suppression at frequencies 
above 3 kHz. This observation is consistent with a theory 
proposed by Papndopoulos [ 19843, which attributes the broad- 
band electrostatic noise and glow phenomena to lower hybrid 
drift instabilities driven by plasma density gradients. When the 
bay is in ram and thus the density is very high ( - 10" cm-'), 
there appears to be a critical frequency which determines 
whether the background orbiter-generated electrostatic noise 
is enhanced or suppressed. P D P  data show this critical fre- 
quency to be approximately 3-4 kHz, which is near the lower 
hybrid resonance frequency. Electromagnetic noise was re- 
corded during the large liquid water release at  105 km on the 
second flight test of the Saturn booster in 1962 [Debus er al., 
19643. Signal strength measurements during that release at 
frequencies ranging from 10 kHz to 230 MHz indicated that 
radio frequency waves generated by electrical discharge were 
associated with the cloud that developed after the release. 

It is expected that liquid water would be less efficient a t  
creating a plasma hole in the ionosphere than vaporized water 
since at releasg, only a small amount would be vaporized and 
the remainder would become ice particles. as was the case 
with the Saturn booster experiment [Debus er al., 19643. In 
view of the P D P  measurements and the releases which were 
recorded during STS 3 it is not possible to state whether or 
not liquid water was less effcient at creating a hole than 
vaporized water. 

4.3. Thrusrer Operations 
Finally, a summary of the effects of thruster firings includes 

the following: an increase in plasma turbulence over the 0- to 
40-Hz spectrum, increases or decreases in electron density 
which were orbit dependent, enhancement of the background 
electrostatic noise from 30 Hz to above 10 kHz, neutral pres- 
sure spikes up to IO-' torr, perturbations to the spacecraft 
potential by as much as 2 V and to the dc electric field by as 
much as 1 Vim primarily under wake conditions, and oc- 
casional changes in the low-energy ion and/or electron fluxes. 
It is likely that the enhancement in electron density during 
thruster firings, which was seen primarily during the times 
when the orbiter was in a wake condition, was due to ion 
scattering into the wake as a result of the high pressure gas 
cloud which surrounded the shuttle and to other chemical 
reactions. With regard to the high-energy ions and electrons 
which were seen during some thruster firings, it is not possible, 
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with the data available, to absolutely determine whether these 
ions and electrons were due to neutral or ionic emuents of the 
thruster exhaust. Most of the other effects noted during thru- 
ster firings, including enhancement of the background elec- 
trostatic noise and perturbation to the spacecraft potential 
and dc electric field, could have an explanation rooted in the 
qualitative description of plasma/H,O physics contained in 
the next section. 

4.4. 

Further examination of the physics which could take place 
in a cloud of water (from FES releases, water dumps, or thru- 
ster operation) released into the ionosphere hints at some pos- 
sible explanations for the observed phenomena. 

Charge exchange between the ambient 0 * ions moving at 8 
kmis relative to the H 2 0  molecules in a plume produces 
stationary H,O+ ions (in the reference frame of the plume) 
and fast 0 atoms which are rapidly lost from the plume. Since 
in this moving frame there is a motional electric field (E = 
-V x B 1 2 mV/m), the newly created ions experience a force 
F x E + V x 8. The subsequent motion is cycloidal, thus the 
guiding centers of the H,O' ions are displaced in the direc- 
tion of the electric field. This displacement contributes a cur- 
rent, the so-called pickup current [Goerrz, 19801, which will 
lead to a buildup of charge at the end of the plume. These 
charges will partially screen the motional electric field from 
the inside of the magnetic flux tube connected to the plume. 
The electric field in the plume must then be calculated by 
balancing the pickup current with field aligned currents car- 
ried by Alfven waves [Goertz, 19803. 

It can be shown that if the plume is fairly dense, NHZO 2 
loi4 crn-3, (which would occur during the first few tenths of a 
second after an  FES release) the electric field in the plume flux 
tube (PFT) is significantly reduced. 

Ambient ions overtaken by the Alfven wave will be acceler- 
ated perpendicularly to the magnetic field and form a ring 
distribution in velocity space. In addition, ambient 0 atoms 
entering this nearly field-free region are photoionized and also 
form a ring distribution in velocity space which is unstable to 
electrostatic waves [Harris, 19591. It is known that such a ring 
distribution will quasilinearly diffuse in velocity space with a 
rapid formation of a high-energy tail [Kulygin et al.. 19711. 

It needs to be investigated quantitatively what the plasma 
density and composition is in the PFT and whether the 0' 
ions stay in the plume long enough to be affected by charge 
exchange with the H20 molecules. If charge exchange occurs 
before the 0' ions leave the plume along magnetic field lines, 
the ring distribution may not be strong enough to cause rapid 
growth of electrostatic waves and heating. 

In addition to the foregoing, we would like to point out that 
it has been suggested that the observed spacecraft potential 
changes, electrostatic noise, and plasma turbulence during 
FES releases may be due to nozzle spray electrification (tri- 
boelectric effects). While this is an interesting suggestion, its 
investigation is beyond the scope of this paper. The paper's 
main purpose is to present observational evidence of effects 
noted during shuttle-produced chemical releases and to sug- 
gest possible explanations for the effects observed. In light of 
this, a thorough study of all of the suggested explanations 
contained in this paper needs to be undertaken. 

Further measurements by the Plasma Diagnostics Package 
coordinated with ground-based observations, both of which 
are investigations of the Spacelab 2 mission scheduled for a 
July 1985 launch, will provide an  opportunity to further study 

Physics in a Cloud of Water 

the plasma/H,O interactions through orbiter chemical re- 
leases. In situ measurements by the P D P  will be extended to 
the regime around the orbiter far beyond the reaches 'of the 
RMS (the P D P  will be released as a free-flying satellite) and 
coordinated with simultaneous ground observations to pro- 
vide much more extensive input to theory. Further, it is hoped 
that the measurements obtained by the P D P  on Spacelab 2 
will aid other experimenters who plan to use the space shuttle 
as an  experimental platform. 

a 

.Acknowledgments. The authors wish to thank the PDP co- 
investigators, Nicola DAngelo, Louis A. Frank, and Donald A. Gur- 
nett, for use of their data; Steve Jacobs and Lubert Leger of Johnson 
Space Center, Paul Campbell of Rockwell International. and Angelo 
Decrisantis of Hamilton Standard for their assistance in obtaining the 
necessary Orbiter data and information; and Christine Joyner for her 
patient typing. Helpful discussions with R. A. Smith are gratefully 
acknowledged. Credit for the suggestion of triboelectric effects goes to 
one of the referees. This research was supported by NASA through 
contract NAS8-32807 with Marshall Space Flight Center and through 
grant NAG349 from Lewis Research Center. 

The Editor thanks R. S. Narcisi and J. M. Forbes for their assist- 
ance in evaluating this paper. 

REFERENCES 
Banks, P. M.. and G. Kockarts, Aeronomy, Parr E. pp. 175-186. Aca- 

demic, Orlando, Fla., 1973. 
Bernhardt, P. A.. The response of the ionosphere to the injection of 

chemically reactive vapors. Tech. Rep. f7. pp. 1-247, Stanford Uni- 
versity, Stanford, Calif., 1976. 

Booker, H. G., A local reduction of F region ionization due to missile 
transit. 1. Geophys. Res., 66. 1073-1079. 1961. 

Debus. K. H., W. G. Johnson, R. V. Hembree. and C. A. Lundquist, A 
preliminary review of the upper atmosphere observations made 
during the Saturn high water experiment, in Proceedings of rhe 
Xl l l rh  lnrernational Asrronaurical Congress, pp. 182-196, Springer- 
Verlag, New York, 1964. 

Ehlers, H. K. F., An analysis of return flux from the space shuttle 
orbiter RCS engines, paper presented at the AIAA 22nd Aerospace 
Sciences Meeting. Am. Inst. of Aeronaut. and Astronautics, Reno, 
Nev., January 9-12, 1984. 

Eur. Space Agency, Spacelab Payload Accommodation Handbook. 
Doc. SLP/.?104, Neuilly, France. 1982. 

Ferguson, E. E., Rate constants of thermal energy binary ion- 
molecule reactions of aeronomic interest, At. Data Nucf. Dora 
Tables. I.?. 159-178, 1973. 

Forbes, J. M.. Upper atmosphere modifications due to chronic dis- 
charges of water vapor from space launch vehicle exhausts, in Space 
Sysrems and Their lnteracrions With Earth's Space Environment. 
edited by H. B. Garrett and C. P. Pike. pp. 78-98, American Insti- 
tute of Aeronautics and Astronautics. New York. 1980. 

Goertz C. K., Io's interaction with the plasma torus, J .  Geophys. Res., 

Grebowsky, J. M., M. W. Pharo 111, H. A. Taylor. Jr., and I. J. 
Eberstein. Measured thermal ion environment of STSJ. paper pre- 
sented at the Shuttle Environment and Operations Meeting, Am. 
Inst. of Aeronaut. and Astronautics. Washington, D. C., October 
31, 1983. 

Hamilton Standard Engineering, Flash evaporator controller oper- 
ation. Memo. S E M  62408. Windsor Locks, Conn., January 25, 
1982. 

Harris. E. G., Unstable plasma oscillations in a magnetic field, Phys. 

85,2949-2956. 1980. 

- 
Rev. Lett.. 2, 34, 1959. 

Hoffman, R. J., and M. A. Hetrick. Jr.. Plume contamination effects 
prediction: CONTAM Ill Computer Program, Tech. Rep. AFRPL 
TR82-033, Air Force Rocket Propul. Lab., Edwards AFB, Calif., 
1982. 

Kulygin, V. M.. A. 8. Mikhailovskii, and E. S. Tsapelkin, Quasi-linear 
relaxation of fast ions moving transverse to a magnetic field, 
Plasma Phys., 13, I I 1  1-1 116. 1971. 

McMahon. W.. R. Salter, R. Hills. and D. Delorey, Measured electron 
contribution to shuttle plasma environment, paper presented at the 
Shuttle Environment and Operations Meeting. Am. Inst. of Aeron- 
aut. and Astronautics, Washington. D. C.. October 31, 1983. 

Mendillo, M., Modification of the ionosphere by large space vehicles, 

c-2- 



PlCKETT ET AL.: CHEMICAL RELEASE EFFECTi ON STS-3 3497 

in Space Sysrerns and Their Inreracrions With  Earth's Space Enui- 
ronmenr. edited by H. B. Garrett and C. P. Pike, pp. 99-1 17, Ameri- 
can Institute of Aeronautics and Astronautics, New York. 1980. 

Mendillo. M., G. S. Hawkins, and J. A. Klobuchar, A sudden van- 
ishing of the ionospheric F region due to the launch of Skylab, J .  
Geophys. Res., 80.2217-2228. 1975. 

Murphy, G. .B.. S. D. Shawhan. and J. S. Pickett, Perturbations to 
the plasma environment induced by the orbiter's manucvering 
thrusters. paper presented at the Shuttle Environment and Opcr- 
arions Meeting, Am. Inst. of Aeronaut. and Astronautics, Wash- 
ington. D. C., October 31. 1983. 

Narasi, R., E. Trzcinski. G. Frederico. L. Wlodyka, and D. Delorey, 
The gaseous and plasma environment around space shuttle, paper 
presented at the Shuttle Environment and Operations Meeting. 
Am. Inst. of Aeronaut. and Astronautics, Washington, D. C., No- 
vember 2,1983. 

Neupcrt, W. M.. et al., Science on the space shuttle, Nature, 296. 

Papadopoulos, K.. On the shuttle glow (The plasma alternative), 
Radio Science, 19, 571-577, 1984. 

Pongratt M. B.. Large scientific releases, Adu. Space Res., I ,  253-273. 
1981. 

Pongratt M. B., G. M. Smith, C. D. Sutherland, and J. Zinn, 
Lagopedo-F-region ionospheric depletion experiments. in Efect o/ 
the Ionosphere on Space and Terrestrial Systems, edited by J. M. 
Goodman. pp. 438-441. US. Government Printing Ollice, Wash- 
ington, D. C., 1978. 

Rote. D. M., Environmental effects of space systems: A review, in 
Space Systems and Their Interactions With  Earth's Space Enuiron- 

193-197. 1982. 

rnenf. edited by H. B. Garrett and C. P. Pike. pp. 3-53, American 
Institute of Aeronautics and Astronautics, New York. 1980. 

Shawhan. S. D., G. B. Murphy, and D. L. Fortna. Measurements of 
electromagnetic interference on OV 102 Columbia using the Plasma 
Diagnostics Package. 1. Spacecraji and Rockets. 21.392-397, 19840. 

Shawhan, S. D., G. B. Murphy, and J. S. Pickett. Plasma Diagnostics 
Package initial assessment of the shuttle orbiter plasma environ- 
ment, J. Spacecr. Rockets. 21.387-391, 19846. 

Sjolander. G. W.. and E. P. Szuszczewicz. Chemically depleted F, ion 
composition: measurements and theory, 1. Geophys. Res., 84,4393- 
4399. 1979. 

Smiddy, M.. W. Sullivan, D. Girouad. and P. Anderson, Shuttle elec- 
trical environment, paper presented at the Spacecraft Environmen- 
tal Interactions Technology Conference, U.S. Air Forceflat. 
Aeronaut. and Space Admin., Colorado Springs, Colorado, Oc- 
tober 4. 1983. 

Zinn, J. and C. D. Sutherland, EKects of rocket exhaust products in 
the thermosphere and ionosphere, Space Sol. Power Rev., I ,  pp. 
109-132, 1980. 

C. K. Goertt W. S. Kurth. G. B. Murphy, and J. S. Pickett, De- 
partment of Physics and Astronomy. University of Iowa. Iowa City, 
IA 52242. 

S. D. Shawhan, Code EE, NASA Headquarters, Washington, D. C., 
20546. 

(Received February 27. 1984; 
revised November 11. 1984; 

accepted November 13. 1984.) 



GEOPHYSICAL RESEARCH LETTERS, VOL. 13, NO. 3 1  PAGES 217-220, MARCH 1986 

FURTHER OBSERVATIONS OF SPACE SHUTTLE 
PLASMA-ELECTRODYNAMIC EFFECTS FROM OSS- 1 /STS-3 ''OR QUAL'N 

N. H .  Stone ,  K. H .  Wright,  Jr., K. S. Hwang. 1* 
U. S a n ~ i r , ~  G. 8. Murphy,5 and S. D. S h a ~ h a n ~ * ~  

Abs t r ac t .  Recent a n a l y s e s  of ion measurements 
o b t a i n e d  from t h e  D i f f e r e n t i a l  Ion Flux Probe 
(DIFP) on t h e  deployed Plasma D i a g n o s t i c s  Package 
(PDP) d u r i n g  the OSS-l/STS-3 mis s ion  have provided  
an a d d i t i o n a l  i n s i g h t  i n t o  t h e  p lasma-e lec t rody-  
namics of t h e  Space S h u t t l e  O r b i t e r :  ( 1 )  Measured 
i o n  flow d i r e c t i o n s  and e n e r g i e s  sugges t  t h a t  t h e  
d i s t u r b a n c e  c r e a t e d  i n  t h e  i o n o s p h e r i c  plasma by 
t h e  S h u t t l e  O r b i t e r  may be conf ined  t o  an i n t e r a c -  
t i o n  r e g i o n  t h a t  e x t e n d s  on t h e  o r d e r  o€ 10 m i n  
t h e  forward  d i r e c t i o n  and has  a boundary t h i c k n e s s  
of abou t  2 m. ( 2 )  A c o r r e l a t i o n  between t h e  DIFP 
and p r e s s u r e  gauge measurements i n d i c a t e s  a d i -  
rect, local p r o p o r t i o n a l i t y  between t h e  n e u t r a l  
g a s  and i o n  d e n s i t i e s .  ( 3 )  P re l imina ry  r e s u l t s  
from a t h e o r e t i c a l  model of the p o s s i b l e  i n t e r a c -  
t i o n  be tween measured secondary ,  h igh  i n c l i n a t i o n  
i o n  streams and t h e  ambient plasma i n d i c a t e  the 
g e n e r a t i o n  of broad-band electrostatic no i se  such  
as  t h a t  observed by wave i n s t r u m e n t s  on t h e  PDP. 

I n t r o d u c t i o n  

The OSS-1 payload ,  c a r r i e d  on t h e  t h i r d  Space 
u t t l e  f l i g h t  (STS-3), i nc luded  t h e  Plasma D i a g -  

s e l f - c o n t a i n e d ,  dep loyab le  sa te l l i t e  t h a t  carries 
a n  ensemble of 14 s c i e n t i f i c  i n s t r u m e n t s  [Shawhan 
e t  a l . ,  19841. During t h e  9-day STS-3 m i s s i o n ,  
t h e  PDP w a s  deployed up t o  15 m above t h e  O r b i t e r  
payload  bay wi th  t h e  Remote Manipula tor  System 
(RMS) on mission days  t h r e e  and fou r .  As a re- 
s u l t ,  t h e  PDP performed a p a r t i a l  mapping of t h e  
O r b i t e r ' s  mar environment.  Some of the init ial  
o b s e r v a t i o n s  ( s p e c i f i c a l l y ,  t h e  e x i s t e n c e  of sec- 
ondary .  h igh  i n c l i n a t i o n  i o n  streams) were r e p o r t -  
ed i n  Stone e t  al. 119831. I n  t h i s  paper ,  w e  
d i s c u s s  three a d d i t i o n a l  aspects of t h e  O r b i t e r ' s  
plasma environment based on ion rneaaurements ob- 
t a i n e d  ?ram t h e  deployed PDP: ( 1 )  the s p a t i a l  
e x t e n t  of t h e  i n t e r a c t i o n  r eg ion  i n  t h e  forward  
d i r e c t i o n ;  ( 2 )  a c o r r e l a t i o n  between t h e  n e u t r a l  
p r e s s u r e  ( i-e. ,  n e u t r a l  p a r t i c l e  d e n s i t y )  and t h e  
pr imary  and secondary  i o n  stream i n t e n s i t i e s  
[S tone  e t  a l . ,  19831; and ( 3 )  a p o s s i b l e  connec- 
t i o n  between t h e  secondary  i o n  s t r eams  and broad- 

8 stics Package (PDP) ex-perimcnt. The PDP is a 
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band e l e c t r o s t a t i c  no i se  observed  i n  t h e  f requency  
range  of 30 Hz t o  178 kHz [Shawhan e t  al., 19841. 

The D i f f e r e n t i a l  Ion Flux Probe (DIFP),  used  
f o r  t h e  ion  m a s u r e m e n t s ,  h a s  been d e s c r i b e d  i n  
S tone  [I9771 and Stone  e t  a l .  [ 19851. B r i e f l y ,  
t h i s  i n s t rumen t  has  t h e  c a p a b i l i t y  t o  deconvolve 
and measure t h e  c h a r a c t e r i s t i c s  of m u l t i p l e  i o n  
s t r eams  d i f f e r i n g  i n  f low d i r e c t i o n  and/or energy. 

D i f t e r e n t i a l  Ion  Plow and Energy Measurements 
from OSS-l/STS-3 

The mounting arrangement and f ie ld-of -v iew of 
t h e  DIFP on t h e  PDP are d i s c u s s e d  i n  S tone  e t  a l .  
[19831. F igu re  1 shows t h e  track and o r i e n t a t i o n  
of the PDP d u r i n g  an FWS maneuver on J u l i a n  day 
85, 1982 f o r  t h e  p e r i o d  16:48:40 t o  16:51:05 UT. 
During t h i s  pe r iod ,  the O r b i t e r  t r a v e l e d  so t h a t  
t h e  o r b i t a l  v e l o c i t y  v e c t o r  w a s  n e a r l y  a l i g n e d  
wi th  t h e  O r b i t e r  Y-axis. S ince  t h e  S h u t t l e  made 
t w o  ro l l s  per o r b i t ,  O r b i t e r  a t t i t u d e  changes  
r e p r e s e n t  on ly  a muall correction f a c t o r .  ?he main 
source a€ a t t i t u d e  change w a s ,  t h e r e f o r e ,  t h e  PDP/ 
RMS maneuver. Notice t h a t  wh i l e  be ing  t r a n s l a t e d ,  
t h e  PDP also pcrformed a p o s i t i v e  ro l l ,  f o l l o v e d  
by a nega t ive  r o l l  which r o t a t e d  t h e  DIPP from a 

FRONT VIEW 

Fig. 1. The PDP t r a c k  i n  t h e  O r b i t e r ' s  r e f e r e n c e  
frame on J u l i a n  day 85 f o r  t h e  p e r i o d  16:48:40 t o  
16:51:05. DIFP normal i s  i n d i c a t e d  by n, wh i l e  
t h e  dashed l i n e s  i n d i c a t e  t h e  i n f e r r e d  p o s i t i o n ,  
shape ,  and t h i c k n e s s  of t h e  boundary of t h e  
i n t e r a c t i o n  reg ion .  The i n d i c a t e d  d e f l e c t i o n  of 
t h e  ram i o n  stream l i n e s  is ob ta ined  f r a n  t h e  d a t a  
of F igu re  3. The geomagnetic f i e l d  and o r b i t a l  
v e l o c i t y  are i n d i c a t e d  by Bo and Vo, r e s p e c t i v e l y .  
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Fig. 2. D e f l e c t i o n  v o l t a g e  ( O a ) - t i m e  ( t o p )  and r e t a r d i n g  p o t e n t i a l  ( O r ) - t i m e  ( b o t t o m )  
spectrograms of DIFP d a t a  f o r  t h e  period 16:48:40 t o  16:51:05 on J u l i a n  day 85 (0, - a n g l e  
of a t t a c k  and 0 - ion e n e r g y ) .  r Ion c u r r e n t  is color coded in powers of t e n  (amps). 

ram-facing a t t i t u d e  t o  an  almost normal a t t i t u d e  
and back i n t o  t h e  ram again.  A t  a l l  times d u r i n g  
t h e  maneuver, t h e  PDP/DIFP had an unobs t ruc ted  
view of t h e  plasma, wi th  the except ion  of the end 
of t h e  p e r i o d  near  16:51 when it cam near  t h e  
wake of t h e  starboard payload bay door, which is 
of no consequence i n  t h e  p r e s e n t  a n a l y s i s .  Iqnor- 
i n g  t h e  e f f e c t  of the t r a n s l a t i o n  f o r  t h e  moment, 
t h e  a t t i t u d e  chanqe can ba seen i n  t h e  angle-tima 
spectrogram given  i n  F igure  2. Note t h a t  t h e  peak 
ram c u r r e n t  a t  t h e  baginning of t h e  maneuver 
o c c u r s  a t  approximately z e r o  d e f l e c t i o n  v o l t a g e  
(cor responding  t o  an almost normal inc idence  of 
t h e  i o n  stream t o  t h e  ins t rument  f a c e ) .  However, 
as t h e  POP r o l l e d  and t h e  ins t rument  normal 
r o t a t e d  upward, t h e  peak i o n  c u r r e n t  occur red  a t  
i n c r e a s i n g l y  n e g a t i m  d e f l e c t i o n  v o l t a g e s  ( i n d i -  
c a t i n g  t h a t  t h e  i o n  s t r e a m  a r r i v e d  a t  an increas-  
i n g l y  negat iva a n g l e ) .  Aa t h e  PDP w a s  r o l l e d  back 
t o  its o r i g i n a l  o r i e n t a t i o n  with t h e  DIFP f a c i n g  
i n t o  the  r a m ,  the c u r r e n t  peak moved back up to- 
w a r d  z e r o  vol tage.  Note t h a t ,  a l though t h e  a n q l e  
de te rmina t ion  depends on both t h e  d e f l e c t i o n  and 
r e t a r d i n g  v o l t a g a s  [Stone,  19771, t h e  energy-time 
spectrogram i n  F igure  2 shows t h e  i o n  enerqy t o  be 
approximately c o n s t a n t  over t h i s  period so t h a t  
angle  is d i r e c t l y  p r o p o r t i o n a l  t o  t h e  d e f l e c t i o n  
vol tage .  The reduced a n g l e s  c o r r e c t e d  €or PDP 
p o t e n t i a l  [ s e e  Stone e t  a l . ,  19851 are s h a m  i n  
F igure  3 as a f u n c t i o n  of time. 

In  a d d i t i o n  t o  t h e  pr imary ram i o n  stream, a 
secondary stream is c l e a r l y  v i s i b l e  i n  t h e  angle- 
time spectrogram of Figure  2. This st ream, wi th  
about  65 p e r c e n t  of t h e  c u r r e n t  d e n s i t y  of t h e  
primary stream, a r r i v e d  a t  a h igh  p o s i t i v e  angle  
wi th  respect t o  the  Y-axis and ( i n i t i a l l y )  t h e  

e 
DIFP normal. As t h e  DIFP r o t a t e d  uprard ,  t h e  sec- 
ondary stream moved toward z e r o  d e f l e c t i o n  vol- 
t a g e ,  a s  expected;  i.e., t h e  r o l l  maneuver moved 
t h e  ins t rument  normal i n t o  a l ignment  wi th  t h e  h igh  
i n c l i n a t i o n  secondary stream. The reduced a n g l e  

TIME IHH.MMI 

t \  / 

-901 V 
Pig. 3 .  Angles-of-attack f o r  the  primary (open 
circles) and secondary (closed circles) ion stream 
f o r  the  per iod  16:48:40 t o  16:51:05 on J u l i a n  day 
95. Phe s o l i d  l i n e  is t h e  angle  between t h e  D I E T  
normal and t h e  o r b i t a l  v e l o c i t y  vec tor .  
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Fig. 5. T h e o r e t i c a l  c a l c u l a t i o n  of the normalized 
g r w t h  rate f o r  i o n  stream-plasma i n t e r a c t i o n  pro- 
duced i o n  acoustic waves Over a, broad f requency  
ran- f o r  v a r i o u s  p ropaga t ion  ang le s .  

t h e  excep t ion  of a p r e s s u r e  burst t h a t  occu r red  as 
t h e  POP passed  over  t h e  p o r t  payload bay door.  
(The p r e s s u r e  gauge w a s  b a f f l e d  and o r i e n t e d  per- 
p e n d i c u l a r  t o  t h e  ram f l o u  throughout  t h e  maneu- 
ve r . )  The i o n  c u r r e n t  d e n s i t y  measured by t h e  
D I F P  also f o l l w e d  a l/r dependence and i n c r e a s e d  
s imul t aneous ly  wi th  t h e  p r e s s u r e  b u r s t .  The di- 
rect p r o p o r t i o n a l i t y  of t h e  i o n  and n e u t r a l  p a r t i -  
cle d e n s i t i e s  is shown i n  F igu re  4. Although it 
is p o s s i b l e  Cor n e u t r a l  gas  i n j e c t i o n s  t o  e i t h e r  
reduce  or increase i o n i z a t i o n  l o c a l l y ,  t h i s  sug- 
gests t h a t  t h e  neutral  gas  e m i t t e d  from t h e  Orbi- 
ter is r a p i d l y  i o n i z e d  and c o n t r i b u t e s  signifi- 
c a n t l y  t o  t h e  O r b i t e r ' s  t o t a l  plasma environment.  
T h i s  conc lus ion  is i n  accord  wi th  t h e  h igh  plasma 
d e n s i t y  measurements r e p o r t e d  by R a i t t  e t  al .  
[1984] and S i s k i n d  e t  al. (19841. The Linear  
dependence s h a m  i n  F igu re  4 is in agreement wi th  
t h e o r e t i c a l  i o n i z a t i o n  rate p r e d i c t i o n s  (e.g., 
Papadopoulos,  1984). 

A P o s s i b l e  Connection Between Secondary Ion 
St reams and Other  Shut t le - Induced  Phenomena 

To data, t h e  OSS-1 exper iments  have r e v e a l e d  
t h e  e x i s t e n c e  of s e v e r a l  phenomena p e c u l i a r  t o  the 
nea r -Orb i t e r  environment,  i n c l u d i n g  h igh  i n c l i n a -  
t i o n  secondary  ion strema [Stone  e t  al., 19831, 
broad-band n o i s e  maamred fram 30 Hz to  178 kHz 
[Shawhan e t  al., 19841, e l e v a t e d  e l e c t r o n  tempera- 
tures, and h i g h e r  t han  normal plasma d e n s i t i e s  
[ R a i t t  e t  al., 1984; S i s k i n d  e t  a l . ,  19841. 

I n t u i t i v e l y ,  one would suspec t  t h a t  these! phe- 
nOmena might be l inked .  I n  p r i n c i p l e ,  i o n  streams 
moving through t h e  ambient plasma should  g e n e r a t e  
i n s t a b i l i t i e s ,  which may t ake  the form of hroad- 
band n o i s e ,  and cou ld  h e a t  t h e  e l e c t r o n  p o p u l a t i o n  
which cou ld ,  i n  t u r n ,  ionize t h e  n e u t r a l  gas cloud. 
The f i r s t  s t e p  of t h i s  p rocess ,  i.e., secondary  
i o n  streams prov id ing  t h e  f r e e  energy  r e q u i r e d  t o  
generate broad-band no i se ,  has  similarities to  t h e  
mechanism d i s c u s s e d  by Kintner  e t  a l .  [19801. 
T h i s  is being  i n v e s t i g a t e d  i n  t h e  p r e s e n t  c o n t e x t  
(see F igure  1 )  by i n s e r t i n g  t h e  a p p r o p r i a t e  
charged  p a r t i c l e  d i s t r i b u t i o n  f u n c t i o n s  i n t o  t h e  
l i n e a r i z e d  c o l l i s i o n l e s s  Vlasov e q u a t i o n  t o  o b t a i n  
a g e n e r a l  d i s p e r s i o n  r e l a t i o n  f o r  electrostatic 

i o n  a c o u s t i c  waves. P r e l i m i n a r y  computa t ions  were 
made f o r  t h e  c o n d i t i o n s  encountered  by t h e  POP, 
u s i n g  Te/Ti = 7 . 5 ,  i n  accord  wi th  S i s k i n d  e t  a l .  
[1984] .  The results, shown i n  F igu re  5,  p r e d i c t  
t h e  g e n e r a t i o n  o€ e l e c t r o s t a t i c  i on  waves over a 
wide range of f r e q u e n c i e s ,  i n  agreement wi th  t h e  
OSS-1 broad-band n o i s e  o b e r v a t i o n s  r e p o r t e d  by 
Shawhan e t  a l .  [ 19841. However, it is n o t  
c la imed,  a t  p r e s e n t ,  t h a t  t h e s e  p re l imina ry  com- 
p u t a t i o n s  account  f o r  a l l  of t h e  observed proper -  
t i e s  of t h e  broad-band noise .  T h i s  work i s  con- 
t i n u i n g  and t h e  r e s u l t s ,  a long  wi th  mathemat ica l  
d e t a i l s ,  w i l l  be pub l i shed  e l sewhere .  Eva lua t ion  
of t h e  p o s s i b l e  connec t ions  between the  broad-band 
noise, e l e c t r o n  h e a t i n g ,  and n e u t r a l  p a r t i c l e  ion- 
i z a t i o n  will r e q u i r e  c a r e f u l  c o n s i d e r a t i o n  of wave 
growth r a t e s  and t h e  e f f i c i e n c y  of coup l ing  wi th  
t h e  e l e c t r o n s .  
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Fig. 4. Ion c u r r e n t  d e n s i t y  measured by t h e  DIFP 
VS. p r e s s u r e  ( n e u t r a l  particle d e n s i t y )  nmasured 

t h e  U n i v e r s i t y  of Iwa PDF p r e s s u r e  gauge. 8. o l i d  l i n e s  are least squares f i t s  of t h e  primary 
and secondary  i o n  stream d a t a  p o i n t s .  The d a t a  
have been c o r r e c t e d  f o r  t h e  v a r i a t i o n  of DIFP 
s e n s i t i v i t y  wi th  ang le .  

d a t a  f o r  t h e  secondary  stream are a l s o  shown i n  
F i g u r e  3. This  appea r s  t o  be t h e  s a m  type  of 
secondary  i o n  stream phenomenon r e p o r t e d  by Stone  
e t  a l .  [19831 f o r  a d i f f e r e n t  p e r i o d  of t i m e .  

Discus s i o n  

Evidence f o r  an I n t e r a c t i o n  Envelope 

The impor t an t  c h a r a c t e r i s t i c s  of t h e  p r e s e n t  
d a t a  are t h e  behavior  of t h e  ram and secondary  i o n  
stream current d e n s i t i e s  and the angle-of -a t tack  
of t h e  ram ion  stream. The DIFP s e n s i t i v i t y  de- 
creases wi th  i n c r e a s i n g  angle-of - inc idence  as a 
r e s u l t  of t he  collimator; i.e., a given stream a t  
0. would appear  more i n t e n s e  than  t h e  same stream 
a t  40. [S tone ,  19771. T h i s  is indeed t h e  behavior  
fo l lowed by t h e  ram c u r r e n t .  It  is maximum a t  
z e r o  d e f l e c t i o n  v o l t a g e  and d imin i shes  a s  i ts  
ang le  of i nc idence  i n c r e a s e s  and the  c u r r e n t  peak 
moves away f r a  t h e  z e r o  v o l t a g e  l i n e .  Hcuever, 
t h i s  does not  ho ld  f o r  t h e  secondary i o n  stream. 

h igh  angle-of -a t tack  to  the  ram c u r r e n t ;  i.e., a t  
16:48:40 UT t h e  secondary s t ream e n t e r e d  t h e  DIFP 
t 52.. A t  t h i s  ang le  t h e  D I F ' P  s e n s i t i v i t y  is re- 

ced by 92 p e r c e n t  and t h e  measured ion  c u r r e n t  

a l ignment  wi th  t h e  secondary s t ream,  Its sensi t1 . r -  
i t y  t o  t h i s  stream i n c r e a s e d  and t h e r e  should ha.-* 
h e n  a co r re spond ing  i n c r e a s e  i n  t h e  w = . s u r e d  m-- 
r e n t .  Houever, t h i s  d i d  not  happen. T o  the  con- 
t r a r y ,  as shown i n  F igure  2 ,  t he  secondary ion  

The secondary ion  stream i n i t i a l l y  a r r i v e d  a t  a 

e s l o w .  as expec ted .  A s  t h e  D I F P  r o t a t e d  i n t o  
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stream vanished .  S ince  t is cannot  be t h e  result 
of i n s t rumen t  s e n s i t i v i t y ,  nor can it be t h e  e f -  
f e c t  of geometric shadowing s i n c e  t h e  PDP/DIET had 
an unobs t ruc t ed  view upstream, it mst i n d i c a t e  
t h a t  t h e  secondary stream w a s  no longe r  p r e s e n t .  
A t  t h i s  p o i n t  on the t rack ,  t h e  PDP had t r a n s l a t e d  
t o  a r a d i a l  d i s t a n c e  of about  8.8 m from t h e  
O r b i t e r ' s  X-axis ( t h e  a x i s  normal t o  t h e  v e l o c i t y  
v e c t o r )  and w a s  l o c a t e d  65. above t h e  XY-plane 
(see F igure  1 ) .  I f  t he  secondary ion  stream was 
an ionosphe r i c  d r i f t ,  atomic oxygen i o n s  would be 
r e q u i r e d  t o  d r i f t  normal t o  t h e  XY-plane a t  speeds 
i n  e x c e s s  of t h e  o r b i t a l  v e l o c i t y ,  i.e., abou t  10 
km/s. S ince  i o n i c  d r i f t s  of t h i s  magnitude are 
not  known i n  t h e  und i s tu rbed  mid - l a t i t ude  iono-  
sphe re ,  it is reasonab le  t o  conclude t h a t  the 
secondary i o n  stream is gene ra t ed  w i t h i n  t h e  in -  
t e r a c t i o n  r eg ion  su r round ing  the  O r b i t e r  and, t h a t  
t h e  PDP w a s  ex tended  beyond t h i s  r eg ion  d u r i n g  t h e  
p e r i o d  16:49:20 t o  16:50:00. Once t h e  PDP moved 
beyond t h e  boundary of t h e  source reg ion  f o r  t h e  
secondary i o n  p o p u l a t i o n ,  t h e  secondary streams 
cou ld  no longe r  be d e t e c t e d  by t h e  outward f a c i n g  
DIFP; i.e., t h e r e  would be no incoming secondary 
i o n s  beyond t h e  source r eg ion  and outward t r a v e l -  
i n g  i o n  streams would not  be i n  t he  f ie ld-of -v iew 
of t h e  ins t rument .  

Notice t h a t  t h e  secondary i o n  stream c u r r e n t  
d e n s i t y ,  shcun i n  F igu re  2, diminished  g r a d u a l l y  
as  t h e  PDP moved f a r t h e r  o u t  from t h e  O r b i t e r  a t  
16:49:20 and i n c r e a s e d  g r a d u a l l y  a8 it moved back 
i n  a t  16:SO:OO. These t r a n s i t i o n s  occur red  over a 
2- chancp in r a d i a l  d i s t a n c e  f r a n  t h e  O r b i t e r  X- 
axis. W e  conc lude ,  t h e r e f o r e ,  t h a t  t h e  boundary 
of t h e  i n t e r a c t i o n  region ( a t  least f o r  secondary  
i o n  p roduc t ion )  is approximate ly  2 m t h i c k .  

It is also appa ren t  i n  F igu re  3 t h a t  t h e  p r i -  
mary i o n  s t r eam does not  fo l low the angle-of- 
a t t a c k  of t h e  o r b i t a l  v e l o c i t y  v e c t o r  as t h e  ram 
curren t  should.  T h i s  behavior  is c o n s i s t e n t  w i th  
t h e  e x i s t e n c e  of an electric f i e l d  w i t h i n  t h e  
boundary of t h e  i n t e r a c t i o n  reg ion .  I f  the elec- 
t r i c  f i e l d  is everywhere normal t o  t h e  boundary, 
t hen  any d e f l e c t i o n  of t h e  i o n o s p h e r i c  i o n s  will 
be p r o p o r t i o n a l  t o  t h e  ang le  between t h e  normal of 
t h e  boundary s u r f a c e  and t h e  v e l o c i t y  vec to r .  Re- 
f e r r i n g  t o  F igu re  3 ,  t h i s  i m p l i e s  t h a t  t h e  bound- 
a r y  w a s  normal t o  t h e  ram d i r e c t i o n  a t  16:48:40 
but becama i n c r e a s i n g l y  skewed w i t h  d i s t a n c e  from 
t h e  =-plane,  s u g g e s t i n g  t h e  general parabolic 
shape shown by t h e  dashed l i n e s  i n  F igu re  1. T h i s  
shape  is g e n e r a l l y  c o n s i s t e n t  w i th  a gas  source  
moving through a s t a t i o n a r y  medium--regardless of 
t h e  i n t e r a c t i o n  mechanism. ( I t  is recognized  t h a t  
som d i s t o r t i o n  may be produced by t h e  a c t i o n  of 
t h e  geomagnetic f i e l d . )  

Coupling Between Ion and Ne tu ra l  D e n s i t i e s  

S ince  t h e  ionosphere  is c o l l i s i o n l e s s  on t h e  
scale s i z e  of t he  O r b i t e r ,  t h e  e x i s t e n c e  of an 
i n t e r a c t i o n  r eg ion  t h a t  ex tends  upstream s u g g e s t s  
t h a t  t h e  O r b i t e r  e m i t s  p a r t i c l e s  and/or  f i e l d s  
t h a t  can i n t e r a c t  w i th  t h e  oncoming ionosphe re  
s e v e r a l  meters ahead of i ts  l e a d i n g  su r face .  I t  
is w e l l  known t h a t  t he  O r b i t e r  is t h e  source  of a 
s i g n i f i c a n t  gas  c loud  t h a t  moves a long  wi th  it 
[Shawhan e t  a l . .  1984; P i c k e t t  e t  a l . ,  1985; Samir 
e t  a l . ,  19861. I n  t h e  ?resent maneuver, t he  PDP 
t r a v e l e d  70 m r a d i a l l y  out f r a n  the  O r b i t e r  and 
back. The p r e s s u r e  gauge d a t a  (which cor respond 
t o  n e u t r a l  d e n s i t y )  f o l l a r  a l / r  dependence v i t h  
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Abstract-A Langmuir probe flown as part of the Plasma Diagnostics Package aboard the third space 
shuttle flight was used to determine electron densities. temperatures and plasma potential in the vicinity 
of the shuttle orbiter. Measurements taken both in the cargo bay and IO m above the cargo bay on the 
Remote Manipulator System arm are consistent with small satellite and laboratory results in that reduced 
densities and elevated temperatures are observed in the shuttle wake. The primary difference in the shuttle 
measurements is one of magnitude. ;.e. orders of magnitude density decreases and factor of five temperature 
enhancements. 

Analysis of data taken in AN," mode (used to measure plasma density fluctuations) reveals large plasma 
fluctuations with a significant spectral component up through the lower-hybrid frequency. The peak 
amplitude, of this A N i N  turbulence can be as high as a few percent, and the most intense turbulence seems 
to occur near regions with a steep gradient in plasma pressure. 

1. I N T R O D U C T I O N  of the neutral atmosphere (Shawhan er al., 1984) near 

Measurements of temperature and densities behind a 
body immersed in a flowing plasma which have thus 
far been reported in the literature can be divided into 
three categories : ( I )  those obtained in the laboratory 
under controlled conditions, (2) those obtained in 
the wake of small scientific satellites, and (3) those 
recently reported Crom experiments aboard the space 
shuttle (Raitt er al., 1984; Siskine er al., 1984). This 
paper will discuss the plasma parameter measure- 
ments made by the Plasma Diagnostics Package 
(PDP) which flew as part of the third shuttle payload. 

Subdividing plasma measurements in this way is 

the vehicle. This neutral gas may be enough to alter 
details of the wake structure. Despite these difficulties, 
measurements by the PDP Langmuir probe indicate 
an overall consistency with the information provided 
by data from small satellites and laboratory exper- 
iments. 

This paper will discuss in detail the methodology 
of the shuttle observations and then summarize the 
results within the framework of previous experiments. 

2. INSTRUiMENTATlON 

quite natural, since these categories correspond to an  The PDP Langmuir probe is a relatively simple 
ever-increasing ratio of object size to  Debye length. instrument which has two operational modes, the first 
Laboratory measurements have typically achieved as an electron densityitemperature measurement 
scaling in the range of 1-50 i, (Stone, 1981). tool, the second as a diagnostic for AN/" fluctuations 
hieasurements from small satellites (e.g. Samir in electron density over the frequency range 0.5-40 
and Willmore. 1965) and the Gemini-Agena (Troy et ai., Hz. The instrument uses a 6 cm diameter gold-plated 
1970) rocket experiment have been in a range of up spherical sensor mounted on a fixed boom approxi- 
to - 100 I,. while the space shuttle has typical dimen- mately 30 cm from the body of the PDP. The location 
sions on  the order of 1000 i.,. For the F-region in of the probe is illustrated in Fig. 1. The electronics 
which the orbiter typically flies, densities of IO6 cm-' operates in two modes, alternated by a timing signal 
and temperatures of 1000 K are common. There are generated by the PDP spacecraft encoder. The total 
some other variables which complicate the picture cycle lasts for approximately 13 s and consists of a 
and make comparisons between the small satellite and 124 "lock" period where the probe is held at  + IO V 
shuttle cases more difficult ; namely, the small satellites relative to the PDP chassis. followed by a I -s IZO- 
are typically conducting bodies. whereas the shuttle sample sweep from + IO to -5 V. Figure 2 illustrates 
is primarily an insulator on surfaces exposed to the this cycle. During the lock cycle, the probe is in the 
plasma; also, there is evidence to indicate that the A N / N  mode and the output current fluctuations are 
shuttle outgassing products constitute a large portion sensed by a logarithmic sensor and sampled through 
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LANGMUIR 

7 

FIG. 1. A SIMPLIFIED DIAGRAM OF THE PDP STRUCTURE 

APPROXIMATELY 30 Cm IN LENGTH. 
SHOWS THE LOCATION OF THE LANGMUIR PROBE ON A BOOM 

three filters: 1 Hz low pass, 1-6 Hz bandpass. and 6- 
40 Hz bandpass. A fourth filter (30 Hz high pass) 
routes the output to a wide-band receiver and spec- 
trum analyzer which. when in the Langmuir probe 
mode (51.2 s out of a total sensor switching cycle of 
409.6 s), can look at  details of the current fluctuations 

up to a frequency of 178 kHz. The sample rates of the 
filters were adjusted such that the Nyquist criterion 
was satisfied. that is 5. 20 and I20 Hz. respectively. 
for the first three filters. The 30 Hz high-pass filter 
which was sampled by the spectrum analyzer was peak 
detected and each of the 16 channels sampled once 
each 1.6 s. 

The voltage sweep cycle of the probe had a step size 
of 0.125 V, which is relatively coarse for a plasma with 
ambient temperatures of 1000 K and presented some 
difficulties which will be discussed later. The probe 
was sampled once each voltage step. Since the probe 
steps from + I O  to - 5  V and then jumps back to 
+ I O  V, it was not possible to check for possible 
hysteresis effects on the probe. The output of this 
mode is a voltage, proportional to log of the current, 
vs sweep voltage. Unlike the probe described by 
Raitt er af. (1984). no differentiation takes place: 
the probe, in fact. works much like manually swept 
probes used in the laboratory giving the I-V (current- 
voltage) curve directly. 

A word is in order about the reference potential for 
the Langmuir probe. The voltage on the probe is 
referenced to the PDP chassis. The PDP chassis is 
grounded to the orbiter both while in the payload bay 
and on the Remote Manipulator System (RMS) arm. 
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FIG. 2. THE LANGMUIR PROBE INSTRUMENT CYCLE HAD A PERIOD OF 12.8 S (EIGHT MAJOR DATA FRAMES). 
At the end of the cycle. a sweep consisting of a series of 0.125 V steps is driven by a 170 Hz clock. The 

wide sweep range accommodates swings in the PDP potential due to charging effects. 
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TABLE I .  LANCMUIR PROBE PERFORMANCE P A R A M ~ R S  

Current sensor 0.1 PA-I mA 
re (800 5000 K) 
"e (IO'-lO'cm 

AN,'iV 
< I  Hz I .8460% 
1-6 Hz 0.12-30% 
6-40 Hz 0.012-3% 
>30 Hz (spectrum analyzer) -30 to -80 db A N i N  

Thus the probe is swept with respect to orbiter chassis 
ground and a measurement of the potential of the 
vehicle with respect to the plasma is possible. This is 
relevant considering that the orbiter is primarily an 
insulating body and its principal conducting surfaces 
are the engine nozzles a t  the rear of the vehicle. 

The sensitivities and dynamic ranges of the two 
modes of the Langmuir probe are summarized in 
Table 1. It should be noted that it is difficult to state an 
absolute temperature measurement range since that 
range is density dependent. For that reason. the cur- 
rent sensitivity of the log current sensor is given as the 
primary. specification, with temperature and density 
dynamic ranges in parentheses. 

3. DATA ANALYSIS 

The process of deriving electron temperature, den- 
sity and plasma potential from a Langmuir I-V 
characteristic is straightforward in the ideal case but 
has several limitations in practice that the reader needs 
to be aware of in order to fairly judge the results of 
this research. 

As noted previously, the Langmuir probe is stepped 
from + 10 to - 5  V in 0.125 V increments with its 
current sampled at  each step. Even though this voltage 
range extends well below the floating potential, the 
electronics uses a transistor's base-emitter junction to 
detect directly the log of the current and therefore 
cannot measure negative (ion) current. Thus, we see 
two fundamental limitations in the probe design 
which were engineering compromises necessary for 
operation in the uncertain shuttle environment. 

The relatively large step size (0.125 V) implies 
there will not be very many samples of current in the 
retardation region for typical ionospheric electron 
temperatures of -0.1 eV. For example, a t  a density 
of - I O 6  cm-', the electron current at plasma poten- 
tial for our probe would be I,  z IO-' A.  Consider- 
ing that the minimum detectable current for the 
electronics is lo-' A approximately six points would 
lie on the electron retardation region of the charac- 

. 

- 

teristic. Clearly at densities < IO' cm- ' it would not be 
possible to accurately determine temperatures. The 
software used to calculatc temperature and density 
thus uses a number of first and second derivative tests 
to determine if a statistically significant number of 
points lie beyond the "knee" of the curve and in the 
retardation region of the characteristic. If statistically 
good fits are not possible. the analysis of that sweep 
is halted and the data are written to a "bad rccord" 
file where records arc examined further by hand. Com- 
parison of  machine calculations to those done by hand 
for a large number of sweeps over the full range of 
these data were used to refine the "intelligence" of the 
software to il point where high confidence can be 
placed in the results. 

The second limitation, the fact that the probe does 
not measure ion current. results in an underestimate 
of temperature and overestimate of density at high 
ambient densities. To see why this is so we look at  
two sample sweeps-in detail. 

Figure 3 illustrates a log4 vs V curve taken at 
21:47:38 U.T. yielding electron "density" of - 1 x IO' 
and "temperature" of  -2600 K. In this particular 
case, the dotted lines are fit by the computer routine 
and the plasma density (proportional to saturation 
current), temperature and plasma potential deter- 
mined accordingly. What is the effect of the un- 
measured ion current? Once the measured current 
falls below a certain threshold. the ion current may 
become a significant portion of it. Since the ion 
current subtracts from the electron current, the 
measured current is less than it would be if only 
electron current were present. thus increasing the 
slope of the curve and causing the computed tem- 
perature to be too low. An upper bound for the ion 
current can be calculated as I, = A * q * n, * D,, where A 
is the projected area of the probe, n, the ion density. 
q the elementary charge and c, the shuttle velocity 
through the plasma. For the case in Fig. 3. the ion 
current would be 3 . 6 ~  10-".n, or - 3 . 6 ~  IO-* A, a 
correction which is below the instrument sensitivity. 
As one can see from Fig. 3, the corrected and un- 
corrected slopes are indistinguishable. 

Since the ion current is variable-it depends on 
ram-wake conditions, detailed geometry in the 
payload bay, etc.-it was found that no consist- 
ently accurate correction could be calculated and 
implemented under all conditions. Therefore. the 
decision was made to let the software fit the data 
uncorrected for ion current. and determine instead 
what worst-case effect this has on  the calculated "tem- 
perature'' and "density". In these data, presented in 
the next section, the reader will find that, under ram 
conditions. densities are high by about a factor of two 
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FIG. 3. A TYPICAL LANGMUIR CHARACTERISTIC IS G M N  FOR A DENSITY OF I X 10‘. 
Note how density, temperature and plasma potential are determined by using two straight-line fits. This 
method slightly overestimates plasma potential but does so fairly consistently by a few KT,,. In this case, 

the lower curve corrected for ion current is not significantly different from the uncorrected version. 

and temperatures correspondingly low by ambient 
daytime ionosphere standards. It is important to real- 
ize that no elaborate physics need be invoked to 
explain these results; it is simply a n  ion current effect. 
The above formula can be used to calculate ion 
current, but one must keep in mind that due to lower 
ion densities in wake and semi-wake conditions and 
the fact that ions impacting the probe under these 
conditions must have a velocity less than u,, the cal- 
culation gives an  upper limit valid only in undisturbed 
plasma flow regions (ram). 

Figure 4 illustrates data taken in these ram 
conditions and shows the effcct of correcting for 
ion current which is not negligible in this case 
( f i  - 1.4 x IO-’ A. A look at the effect under various 
conditions gives the following general rule for the 
underestimate of temperature as a function of actual 
ambient electron density : 

1O6cm-’-r 10096: 105cm-’-.50%: 
and IOJ C I T I - ~  + negligible. 

These effects are accounted for in the plots of the 
next section by the dashed lines which illustrate the 
best mean solution for density and temperature con- 
sistent with the above rule. 

Fortunately, although extremely low densities can- 
not be accurately measured and high densities have 
ion current corrections, the range for most of the 
interesting physics of the wake region discussed here 
remains free of instrumental limitations. 

4. OBSERVATIONS 

We will first present a summary of a representative 
samp!e of our observations and then discuss each 
in detail. Details of the STS-3 Right. where these 
measurements were made. can be found in Shawhan 
et ai. (1984). The important aspects from the point of 
view of this paper are that the orbiter flew just below 
the peak in the F-region in a 240 km circular orbit at 
an inclination of 37‘. Measurements presented here 
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FIG. 4. A LANGMUIR LOG I VS Y CURVE AT A DENSITY OF 10' NEEDS SIGNIFICANT CORRECTION FOR ION 
CURRENT. 

In this case, the value of ion current is - 1.4 x lo-' A so no data points are available below that value in 
the corrected curve. The correction of slightly more than a factor of two in tegperature implies a 

corresponding decrease in the estimate of density since n, 5 I/,/T,. 

were taken either while the PDP was stowed in the 
cargo bay or while it was deployed on  the RMS arm 
5-10 m above the bay. The location of the PDP in 
these two cases is illustrated in Figs 5 and 6. 

Electron temperature and density are shown as a 
function of universal time (U.T.) in Fig. 7 for the case 
of the PDP in the cargo bay. The obvious periodic 
structure which repeats four times across the plot is 
due to the "ram-wake cycle" which resulted from a 
slow orbiter roll about its x-axis (nose-to-tail axis). In 
order to relate the observed density and temperature 
variations to the vehicle attitude, we need to set up a 
coordinate system to describe the direction of plasma 
flow. This coordinate system is illustrated at the 
bottom of Fig. 8, which is the attitude plot for the 
same time period as Fig. 7. The "pitch" angle of 
plasma flow is 8,. When 8, = 0', the plasma flows 
at the orbiter from its underside: when 8, = 180', the 
plasma is streaming directly down into the cargo bay. 
The immediate correlation between plasma density 

and 0, is evident when comparing Figs 7 and 8. The 
azimuth angle of the plasma flow is 8? and is measured 
counterclockwise from the nose (as viewed from 
above the orbiter). Sensitivity to 0: is evident only 
when the angle 0, is near 90". This is primarily due to 
the vertical stabilizer and other large structures in the 
cargo bay near the PDP. 

The magnitude of the density depletions in Fig. 7, 
which is greater than three orders of magnitude, is 
striking. It should be recalled that the computational 
method used to determine density and temperature is 
halted when too little of the f-V curve is available 
for unambiguous interpretation (see Section 3). The 
probe current is usually a t  least one order of magnitude 
above the probe threshold of detectability a t  this point 
but continues to fall rapidly until no current is detected 
at any sweep voltage. Thus, the three orders of 
magnitude depletion is a conservative estimate of the 
density change and in reality the x = Nurke/Namb,en, 
probablyextendsinto the IO-"or 10-5range. Itshould 
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FIG. 5 .  THE 0SS-I PAYLOAD FOR THE THIRD SHUTTLE FLIGHT HAD THE PDP POSITIONED SUCH THAT THE 

LANGMUIR PROBE WAS APPROXIMATELY AT STILL LEVEL IN THE CARGO BAY. 
The VCAP instrumentation is also highlighted. Note that large structures such as the Thermal Cannister 
Experiment. only inches from the Langmuir probe, complicate geometry in the analysis of plasma flow in 

the payload bay. 

be noted in Fig. 7 that the dotted lines represent a cor- 
rection forramioncurrent to the probeandno realden- 
sity enhancement or temperature depression in ram is 
believed to be present, compared to standard iono- 
spheric conditions. 

The next and perhaps more interesting result is 
the remarkable temperature enhancement seen as the 
probe enters the wake region. The fact that the tem- 
perature shows no evidence of “leveling off’ at a 
stable value before calculations are stopped (refer to 
the gaps in the data a t  - 21:30 and 22:08 U.T.) implies 
that temperature may rise considerably higher in the 

D 

FIG. 6. THE LOCATION OF THE PDP ABOVE THE CARGO BAY 
FOR THE ”RMS” DATA ILLUSTRATED IN THIS PAPER PLACES IT 
WELL OUT OF THE WAY OF STRUCTURES IN THE BAY ITSELF. 
MAKING THE ORBITER BODY THE DOMINANT OBJECT IN ALL 

WAKE ANALYSIS. 
(The RMS is 50 ft long when fully extended.) 

extreme rarefaction region. Since the probe voltage 
has a step size of 0.125 V, i t  is inherently less accurate 
a t  determining low temperatures in the range of 
1000 K (0.1 eV) (see Section 3), but that accuracy 
improves as the temperature rises and statistical fits to 
the straight line portion of the I- Ycurve are very good. 
In summary, although the absolute accuracy of the 
probe in measurements of temperature is probably no 
better than 50%, and the low end temperatures are 
underestimated, the trend in Fig. 7 is apparent and can- 
not be attributed to instrumental effects. 

To  determine the variation of the density depletion 
in the wake region as a function of distance behind 
the vehicle, it is useful to compare the above results 
obtained while the PDP was in the payload bay with 
those obtained while on  the RMS at  a distance of 
IO m above the payload bay. This is, of course. 
equivalent to having a probe further behind the 
obscuring plate in the laboratory experiments or 
mounting a sensor on the boom of a small satellite. 

Figure 9 shows data from one orbit while the PDP 
is on the RMS arm. Figure IO is the corresponding 
orbiter attitude. Note that the density rarefaction 
from 4 17:OO to 17:20 U.T. is not nearly as pro- 
nounced as those in Fig. 7 and that the temperature 
enhancement is also less dramatic. The fine structure 
in the plot (sharp peaks of a few minutes duration) 
correlates well with the predicted wake of the PDP 
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Measurements of plasma param 

and RMS. Since the PDP was being rotated while on  
the RMS. the orientation of the Langmuir probe with 
respect to plasma flow around the PDP and RMS 
(angle of attack) varies, producing this fine structure 
variation. It would be useful to compare these data to 
those from the small satellite category since the 
PDP is approximately 1 m in diameter and the 
RMS is approximately 0.3 m in diameter. Again, as 
with Fig. 7, the dotted line represents temperature 
and density measurements corrected for worse-case 
ion current. 
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ieters in vicinity of space shuttle 1001 

The third set of raw data which this paper will 
address is the A N / N  output. The plasma turbulence 
(Raitt et al., 1984) present in the vicinity of the shuttle 
has received some attention, and understanding its 
nature can give us greater insight into the special 
problems associated with large vehicles interacting 
with the ionospheric plasma. Figure I I(a) is a plot of 
the RMS value (averaged over I .6 s) of A N / N  in the 
6-40 Hz region. This plot covers the same time period 
as Figs 7 and 8 and was taken while the PDP was 
in the orbiter's payload bay. The turbulence in this 
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2100 2130 2200 2230 GMT 

1982 DAY 081 POP LANGMUIR PROBE DATA 

FIG. I I .  (a) THE RMS VALUE OF THE PERCENTAGE OF DENSITY FLUCTUATIONS (AN:N)  IN THE FREQUENCY 
RANGE 6-40 Hz IS P L O ~ D  FOR THE SAME TIME PERIOD WTHE FIG.  7 DATA. 

Note the peaks have a "double-humped" character with maxima at rising and falling edges of the electron 
temperature curve. 

Note that maxima in (a) correlate well with the steepest pressure gradients. 
(c) THE TEMPERATURE DATA FROM FIG. 7 HAW BEEN REPLOTTED FOR EASE OF COMPARISON TO (a). 

(b) DENSITY AND TEMPERATURE 1N THE PLASMA YlELDS A VALUE PROPORTIONAL TO ELECTRON PRESSURE. 
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POP LANGMUIR PROBE ANIN DATA 
1982 DAY 81 GMT 2130:00-2130:10 
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FIG. I?. A FFT OF THE ANIN DATA FOR THE FREQUENCY 
RANGE 130 HZ SHOWS NO PARTICULAR STRUCTURE. 

This plot is typicai of data taken during a time of moderate 
turbulence. 

frequency range is not observed to be highest in ram as 
reported by Raitt erul. ( 1  984) but highest, generally, in 
a transition zone between ram and wake. For ease of 
comparison, the temperature and pressure are also 
shown in Fig. I 1, and one can see a "double-humped" 
character to the noise, the two peaks appearing more 
or less a t  the beginning and end of the wake boundary. 

In order to understand the nature of this turbu- 
lence, its frequency spectrum needs to be examined as 
well. Figure 12 is a plot of the Fast Fourier Transform 
(FFT) of the turbulence from 1 to 40 Hz. The spec- 
trum shows little structure and a typical magnitude of 
ANIN at  any given frequency is less than 1%. 
Extended frequency analysis up to 178 kHz has been 
done by using the special Langmuir probe mode on  
the spectrum analyzer. The noise shows a relatively 
flat spectral response up through the lower hybrid 
resonance frequency. This extended analysis has been 
combined with that a t  low frequency and a typical 
spectrum shown in Fig. 13. 

5. DISCUSSION AND COMPARISON 
WITH PREVIOUS RESULTS 

Since measurements of the wake characteristics of 
very large objects are quite new, an assessment needs 
to be made of how these observations stand against 

.the following: ( I )  instrumental or systematic prob- 
lems, (2) other measurements, and (3) predictions 
from theory and the scaling of observations made in 
a regime where the object is much smaller. 

The Langmuir probe instrument itself seems to per- 
form well. The probe is believed to be quite clean due 
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TYPICAL HIGH INTENSITY SPECTRUM 

F I G .  13. EXTENDED FREQUENCY ANALYSIS OF THE ArV'aV 

RELATIVELY FLAT SPECTRUM UP TO APPROXIMATELY 30 kHz. 
SPECTRUM FOR A TYPICAL SAMPLE OF rm WISE SHOWS i 

This data was taken in the payload bay (D.O.Y. = 083). 

to atomic oxygen bombardment. It is also relevant 
that there seemed to be no significant shift in data 
over the time frame of the mission, leading one to 
believe the probe condition is a constant. Although 
absolute accuracy is difficult to achieve. the probe 
gives (after correcting for ion current) temperatures 
and densities within approximately 50% of the 
expected values a t  peak F-region altitudes and since 
it is the change in density and temperature which is 
significant here, the absolute accuracy is not a t  issue. 
Further evidence that the probe is measuring plasma 
characteristics correctly is given in Fig. 14. Here we 
have plotted the plasma potential as measured by the 
Langmuir probe. the floating potential as measured 
by dual-floating probes on  the PDP and the difference 
between plasma and tloating potential (AV) for the 
same time interval as the data plotted in Fig. 7. Note 
that the "cusps" or increases in Ak'correspond to the 
wake regon and are consistent with the increasing 
plasma temperature observed there. These regions of 
increasingly negative plasma potential have been 
observed in the laboratory and are a principal mech- 
anism driving the self-similar ion expansion that has 
been studied by several investigators (Raychaudhuri 
et ai.. 1986). Thus. even without actually measuring 
the slope of the log I vs V curve to determine tem- 
perature, we can independently verify that tem- 
perature must, in fact, be increasing at these times. 

Comparison with other measurements must first 
take place where spacecraft scales are similar. The 
Gemini/ Agena, Explorer 3 I and A E-C spacecraft 
(Medved, 1969; Samir and Wrenn. 1972; Samir and 
Fontheim, 1981) were similar in size to the PDP and 
sampled regions of similar plasma density at com- 
parable Mach number. The temperature and density 
data shown in Fig. 9 while the PDP is on the RMS 
arm show small-scale depletions in density ( - 50%) 
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1982 DAY oei DC AND LANGMUIR PROBE DATA 
FIG. 14. TH€ TOP TWO PANELS ARE A COMPARISON OF THE PLASMA POTENTIAL DATA MEASURED BY THE 

LANCMUIR PROBE WITH THE FLOATING POTENTIAL MEASURED BY THE SPHERICAL FLOATING PROBES. 
The third panel is a plot of plasma potential minus floating potential and should be proportional to the 
plasma temperature. Note the 1-2 V offxt is consistent with that expected in this temperature density 

regime but is periodically enhanced during wake encounters. 

and increases in temperature (50-loo%), which are 
entirely consistent with the previous results on  small 
spacecraft. 

Comparison of our results to those of Siskind et al. 
(1984). which were also made on the STS-3, shows 

. both experiments agree on  the magnitude of electron 
, density depletions. However, while the PDP Lang- 

muir probe indicates an elevated temperature in wake, 
Siskind er al. (1984) interpret the VCAP Langmuir 
probe data to indicate an elevated temperature in ram. 
Although the PDP and VCAP instruments were not 
always operating simultaneously, data were taken 

under similar circumstances and general agreement 
would be expected. Samir et al. (1986) have sys- 
tematically compared the results of laboratory and 
small satellite experiments. as well as the predictions 
of several theories. to the Siskind et al. (1984) data. 
They state that “No electron temperature enhance- 
ment, known to the authors, has been found for ram 
conditions on small satellites. Therefore, we submit 
that the results of Siskind et al. (1984) and Siskind 
(1983) are in contrast with all earlier results.’’ While 
the PDP Langmuir probe temperature measurements 
are contrary to the Siskind et al. (1984) measurements. 
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they do agree with the majority of other experimental 
results. 

It is difficult to scale measurements from bodies of 
the 50-100 io size range to those of the orbiter. but 
the enhancement in T, has been seen to be a function 
of body size up through the Gemini-Agma experiment. 
Plasma chamber experiments performed by Oran et 
af. (1979, Illiano and Storey (1974) and Stone (1981) 
all indicate temperature enhancement in the near 
wake. In particular, Stone (1981) carried the measure- 
ments further downstream and supports the result 
that the temperature enhancement is a near-wake 
phenomenon. extending spatially downstream only to 
about : = SR,, where S = Mach number and R ,  = 
body size, This is consistent with the comparison made 
between our pallet and RMS data. At a distance of 
5 R, downstream, the density depletion was only two 
orders of magnitude and the temperature enhance- 
ment was only - 100%. compared to more than three 
orders of magnitude density depletions and factors of 
five temperature enhancement seen in the near wake 
during pallet measurements. This suggests that a 
rough scaling law may indeed work for objects the 
size of the shuttle orbiter, at least for the gross wake 
structure. 

An explanation for the elevated electron tem- 
perature observed in the wake of orbiting-spacecraft 
has been addressed by various authors (e.g. Samir and 
Wrenn, 1972; Troy, 1975; Gurevich et af., 1973). It 
has been speculated that the hot electrons may result: 
( I )  from a selection effect by the negative potential 
generally found in the spacecraft wake, or (2) from 
energization of the electrons by wave-particie inter- 
actions in the plasma turbulence present in or near 
the wake. A third and alternative explanation, which 
does not involve turbulence, may be along the lines 
indicated by Fried and Wong (1966) to explain ion 
cooling when ions from a high potential expand into 
a low-potential region in a laboratory double-plasma 
device. In the case of an orbiting spacecraft, electrons 
reaching the spacecraft within the wake would be 
nearly adiabatically compressed (and heated) as they 
enter the low-potential region attached, at the wake, 
to the spacecraft. Simple estimates indicate that this 
effect may account for the observed heating. 

The final observation to discuss is that of the plasma 
turbulence. Turbulence similar to that reported herein 
has been observed in the wake region of other satel- 
lites, e.g. Ariel 1 (Samir and Wilmore, 1965). The PDP 
Langmuir probe results again seem inconsistent with 
those of Siskind er af .  (1984) in that Siskind et a/. 
report this turbulence to be greatest in ram, whereas 
the PDP results show that the turbulence is generally 
greatest in the transition region between ram and 

wake. The key difference in the observations may be 
due to the spectral content of the noise. Components 
between 2 and 3 kHz which is the frequency range 
observed by Siskind et a[. with the VCAP instru- 
mentation reDon may show a different ram-wake 
dependence than those in the 6-40 Hz frequency range 
plotted in Fig. 12. Since the whole spectrum of 
turbulence is only available when the 16-channel spec- 
trum analyzer is in Langmuir probe mode (approxi- 
mately 1 min out of every 8). a study of the spectral 
dependence vs angle of attack has not been possible. 
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Plasma Diagnostics Package Measurements of Ionospheric Ions 
and S huttle-Induced Perturbations 
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The plasma diagnostics package (PDP) on the space shuttle STS-3 mission in March 1982 carried among its 
instrument complement a retarding potential analyzer. This instrument measured both the ambient ion plasma 
density and temperature, and perturbations to the plasma produced by shuttle orbiter effects. Whenever the plasma 
flow streamline at the instrument was more than a distance of the order of thermal ion gymradii away from any 
orbiter surface, the measurements were characteristic of the ambient ionosphere. In several situations, the PDP 
was positioned so as to scan the wake in the plasma flow produced by orbiter surfaces. The density profile of the 
major species 0' was consistent with a classic Mach cone. However, strong perturbations extended for several 
meters outside the Mach cone which resulted in failure of flowing Maxwellian distributions to repreFnt the data. 
Configurations where the plasma flow impacted orbiter surfaces downstream of the PDP resulted in generation of a 
suprathermal ion component. The observations arc discussed in terms of a recent model of the mechanism for 
generation of shuttle glow 

1. INTRODUCITON 

The flight of the STS-3 shuttle mission during March 22-30. 
1982. carried a pallet of science investigations (OSS-I) sponsored 
y the NASA Office of Space Science [Neupen et af., 19821. 
mong the experiments on the mission was the University of al owa's plasma diagnostics package (PDP) [Murphy er al., 19831. 

The instrument eomplement of the PDP included a retarding poten- 
tial analyzer (RPA). The RPA was designed to measure the density 
and temperature of the major thermal ion species. both the ambient 
ionospheric plasma and perturbations to the ambient plasma pro- 
duced by the presence of the shuttle orbiter. Other scientific objec- 
tives of the PDP included measurement of the electromagnetic 
environment around the orbiter, the neutral gas pressure in the orbi- 
ter cargo bay. and the effects of the electron beam of the vehicle 
charging and potential (VCAP) experiment [Bunks er al.. 1983~1. 
Preliminary results from the PDP and from the electron beam 
experiments have been reported in the papers referenced above. 
More comprehensive studies, including the effects of water dumps 
and thruster firings, have been reported by Showhan et al. (19841 
and P ickerr er af. [ 19851. In this paper we concentrate upon mea- 
surements made by the RPA. The objectives of this experiment 
were to study interactions between the ambient ionospheric plasma 
and the orbiter, to determine under what conditions the RPA, in 
proximity to the orbiter, could make a valid measurement of 
ambient thermal ion parameters, and how the presence of the large 
orbiter body may have affected the measurements. The orbiter was 
large in the sense that its dimensions (37 m in length; 24 m wing 
span) exceeded the Debye length and the thermal ion and electron 
gyroradii. For typical ionospheric density and temperature 
parameters (see, for example, Shurp [I9661 and Bemon er af. 
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[ 19771). the Debye length is less than 1 cm. The gyroradii for ions 
in the range m = 16 to 30 and T = IOOO" to 1500°K ranges from 5 
to IO m for B = 0.3 G. The ion sound speed V,, = k7;/m,, is 
0.72-1 .O k d s  for T, = 1000"-2000°K. and therefore the orbiter 
with a velocity of 7.85 k d s  was highly supersonic with Mach 
numbers (M = VdV,,) in the range 7.8-1 1. 

The STS-3 mission was launched March 22. 1982 (day 81 ), into 
a near-circular orbit with apogee of 237.1 km. perigee of 228.3 km, 
and inclination of 38". For the data period of interest reported here, 
the local time of the ascending node varied from 5.53 to 6.24 
hours. 

The retarding potential analyzer was a conventional four-grid 
instrument with a planar grid structure. All grids were fabricated 
from electroformed mesh with 90% transmission. The entrance 
grid was I .6 cm diameter. or 2.0 cmz in area. The retarding grid, 
shield grid biased at ground potential, and suppressor grid biased at 
-40 V completed the grid system, A guarded collector with a di- 
ameter of 4.0 cm was connected to the electrometer input. The 
shield grid served to isolate the retarding region from the relatively 
high suppressor potential. as well as to reduce capacitive coupling 
between the retarding grid and the collector. The intergrid spacing 
was 0.3 cm, and the geometry was arranged such that the angular 
acceptance range of 45" half-angle was defined by the projection of 
the entrance aperture onto the collector. 

The collector current from positive ions was measured and con- 
ditioned for telemetry by a four-decade range-switching electrome- 
ter. The most sensitive range was 1.0 x I O 9  A full scale with 
eight-bit (&255) resolution. The electrometer noise level was 
about 2 X 1 0 "  A. 

The retarding potential program was a stairstep sequence from 
0.0 to 15.0 V in 0.5-V increments. The 0.0-V step was repeated in 
order to allow the electrometer to settle when transitioning from the 
15.0-V step with minimum current to the 0.0-V step with max- 
imum current. 

In order to perform a series of scientific experiments, the PDP 
was lifted out of the orbiter bay by the remote maneuvering system 
(RMS) and moved according to a set of preprogrammed sequences. 
At other times, the PDP was manually positioned by the orbiter 
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Fig. I .  A typical plot of the RPA collector current as a function of retarding 
voltage, for day 84, 2301 UT in the daytime ionosphem. The method for 
reduction of these data to physical units is discussed in the text. 

crew in order to place the PDP in a favorable position to diagnose 
the VCAP electron beam. The PDP could be positioned in X .  Y.  and 
Zcoordinates relative to the orbiter and oriented in pitch. yaw, and 
roll by the RMS. 

2. DATA ANALYSIS METHODOLOGY 

The initial goal of the RPA data analysis was to determine the 
density and temperature of the major ion species and to see what 
effect. if any, the presence of the orbiter had upon these determina- 
tions. As we shall see. it was also necessary to consider the poten- 
tial of the POP relative to the ambient plasma. In the flight sization 
the PDP was attached to the orbiter by the RMS and the V x 3 
electric field of approximately 0.2 Vim created significant poten- 
tials over the length of the orbiter. The amount of conducting area 
of the orbiter in contact with the plasma (a50 m') was an order of 
magnitude larger than that of the PDP ( 1 3  m'). Hence the electro- 
motive force ( 2 5 V )  was able to drivc and sustain the POP poten- 
tial to values significantly different than the thermal energies of the 
ambient plasma. As well. the POP potential could be a significant 
fraction of the ram energy of the plasma flow relative to the orbiter. 

An example of a plot of the collector current versus retarding 
potential from the RPA is shown in Figure I .  At the time these data 
were taken the orbiter latitude and east longitude were 34.62" and 
224.07", respectively, the local time was 1357. and the solar zenith 
angle was 42". The solid circles are the data points, and the dashed 
curve is a fit  to the data points by a method discussed in detail 
below. At low retarding potentials the curve is typical of that 
produced by a single component ion plasma with a high ,Mach 
number. However, at higher retarding potentials the departure of 
the retarding portion of the curve from a straight line indicates that 

one or more higher mass ion components had a significant pres- 
ence. The RPA equation found, for example, by Hanson et al. 
[ 19701 was fit to the data with a multiparameter least squares fitti 

The fitting procedure was first attempted with a seven-parameter 
fit. The parameters were the density and temperature of 0'. NO', 
and 02' and the POP potential. However, the 0.5-V resolution of 
the RPA was only slightly less than the difference in ram energy 
between NO' and 02+ at orbital velocity. It was found that the 
fitting procedure was highly unstable and did not converge well. 
Tests of the fitting program with simulated data plus random noise 
showed that the fitted values would be in error by a factor of 2 or 
more and were not invariant under choice of differing random 
number seeds. Therefore the fitting technique chosen was to 
assume a two-ion flowing Maxwellian distribution composed of 0' 
and NO'. Admittedly, the choice of NO' as opposed to 02-  was 
somewhat arbitrary, but data from an ion mass Spectrometer on the 
same spacecraft (J. M Grebowsky, private communication: OSS- I! 
STS-3 Post Mission Interim Science Report, 1982) show that in 
most cases the NO' density exceeded the 02' density by a factorof 
2 or more. Unfortunately, the ion mass spectrometer and the RPA 
were on opposite sides of the spacecraft. and since the spacecraft 
was not spinning, near-simultaneous data from the two instruments 
were not possible. The fitting program had five free parameters, 
specifically the density and temperature of 0' and N U  and the POP 
potential. The ram angle (angle between the instrument normal and 
the flow velocity) of the RPA and the orbiter velocity were known 
from the orbiter and RMS ancillary attitude data. The normal 
component of the ion velocity relative to the RPA was an input to 
the fitting procedure. The fitting procedure applied to the data of 
Figure I resulted in the following parameters: 0' density = 1 . 1  
IO6, 0' temperature = 1450°K. NO+ density = 2.5 x IO4, N 
temperature = 2640°K. and PDP potential = -2.6 V. 

The RPA grid design was such that there was no internal 
shadowing of the RPA collector by the grid structure until the ion 
angle of the incidence reached 45". That is, up to 45" the effective 
area followed a cos 8 dependence but fell more rapidly at higher 
angles. Fitting at higher angles would have involved a complex 
iterative convolution procedure with questionable accuracy. 
Therefore the fitting procedure was only done if the ram angle was 
45" or less. This was a significant restriction in terms of the amount 
of data available for analysis. The PDP was out of the orbiter bay 
attached to the RMS for the periods day 84, 1620-2330 UT and day 
85. 15W2200 UT, or a total of 14.1 hours. Of this, only 154 min 
of data met the criterion that the ram angle was 45" or less. 

The effects upon the plasma environment from STS-3 emissions 
of water and water vapor from the holding tanks and the flash evap- 
orator system have been discussed by Picken et al. [ 19851. The 
effects of these chemical releases were seen in plasma wave data 
and in observations of enhanced plasma turbulence. None of the 
periods of available RPA data overlapped water release periods 
except for a short interval on day 8 5 ,  1622-1630 UT. No obvious 
effects could be seen in this segment, and any conclusions based on 
this one short period of overlap could hardly be justified. Therefore 
this study was limited to periods that were free of long-duration 
perturbations due to water releases but includes periods of thruster 
operations. These periods have also been shown to cause plasma 
perturbations [Pickerr et al., 19851. However, thruster operations 

and the time resolution of the RPA data plus the method of d 
analysis emphasized long-term trends and obscured short-te 
effects. 

procedure based on the routine CURFIT from Bevingron [ 196 e 

CI, 

were of brief duration. typically tens to hundreds of 
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Fig. 2. Examples of data from (0 )  the night ionosphere and (b )  the daytime ionosphere. The data presentation shows the density and 
temperature of 0 * and NO' and the value of the PDP potential relative tothe plasma. The NO' temperature has been shifted one decade 
for the sake of clarity. Figure la is from the period day 85, 1745-1750 UT, and Figure 2b is from the period day 84,2115-21 18 UT. 

3 .  COORDINATE SYSTEM 

A word about the coordinate system used as the orbiter/PDP 
eference is in order. The shuttle coordinate system is Cartesian c, ith the X axis along the fore-aft direction and + X  toward the 

nose. X = 0 is arbitrarily located in the plane containing the nose of 
the external tank. The Z axis is the yaw axis with -Z being upward 
out of the cargo bay, and Z = 0 being along the centerline. Y 
completes the system, and + Y is toward the starboard (right) wing. 
The location of the orbiter velocity vector and the 3 vector was 
given in a modified polar coordinate system of cwlevation and 
azimuth, with cwlevation being measured from the -Z axis and 
azimuth being measured clockwise looking from above from the -X 
axis. The ancillary ephemeris and attitude data gave the X .  Y. and Z 
position of the PDP and the pitch, yaw, and roll angles of the PDP 
in the orbiter system. These data allowed determination of the 
geometry of the plasma flow and 3 vectors relative to the orbited 
PDP system. 

4. DATA 
The PDP was first deployed on the RMS on day 84 at 1610 UT. 

For all of the periods that the PDP was deployed on the RMS, the 
orbiter was oriented with the + X  axis toward the sun (nose to sun), 
and rolling twice per orbit such that at the ascending and descend- 
ing nodes the -Z axis, upward out of the bay, was perpendicular to 
the ecliptic plane. 

An example of plasma data in the local night ionosphere is 
shown in Figure 2a for the period day 85, 1745-1750 UT. The plot 
shows the density and temperature of 0' and NO' and the value of 
the PDP potential. The orbiter latitude ranged from -28" to -18" 
during this period. The 0' and NO' densities were near IO5 and 5 
x IO' ions/cm', respectively, and the ion temperatures were near 
1000°K. Note that during this period the PDP potential range2 from 
+ I to -2 V ,  a consequence of the changing value of the V x 3 
electric field with changing orientation of the 3 field relative to the 
orbiter. Figure 26 shows an example of data for the sunlit iono- 

e 

sphere for the period day 84, 21 15-21 18 UT. The orbiter latitude 
ranged from 26" to 31". Here the 0' density was 0.9-1.5 X IO6 
ions/cm', the NO+ density was 2 X 104 ions/cm3. and the ion 
temperatures ianged between 1 100" and 1500°K. 

The geometr). of the PDP and the orbiter is illustrated in Figure 3 
for the data periods discussed above. The PDP was positioned 20.5 
m above the level of the payload bay doors and I .8 m right of the 
centerline as viewed from the front of the orbiter. The directions of 
the instrument normal and the range of directions of the plasma ram 
flow vectors arc shown. It is particularly important to note that the 
PDP-orbiter separation exceeded all of the plasma scale sizes dis- 
cussed earlier (Debye length and ion and electron gyroradii). 
Furthermore, the distance between the plasma streamlines u p  
stream of the PDP and any orbiter surface exceeded the plasma 
scale sizes. 

These two examples of data from the dark and sunlit ionosphere 
gave computed values of the ion densities and temperatures which 
were certainly reasonable ( S h r p .  1966; Benson et nl.. 19771. and 
we consider this as a proof of the instrument and of the data analysis 
methodology. These examples show as well that under certain con- 
ditions, examined in greater detail later in this paper, an instrument 
attached to the orbiter is able to make valid measurements of the 
characteristics of the ambient ionosphere. This is particularly 
important to future space plasma missions where active experi- 
ments injecting particle beams, electromagnetic waves, and chemi- 
cals will require measurements of the ambient medium and pertur- 
bations of the medium in order to understand fully the plasma 
physics involved. 

The roll of the orbiter twice per orbit meant that the plasma 
velocity vector was constantly changing in the orbiter coordinate 
system. and therefore there should be periods when the plasma 
flow at the RPA should have been shadowed by some portion of the 
orbiter structure. Two clear examples were found in the data. These 
are shown in Figures 4u and 4b for the time periods day 84. 
1835- I 840 UT, and day 8 5 ,  1656 I653 UT. Both of these periods 
are characterized by fluctuations in the computed values of the NO' 
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Fig. 3. The geometry of the orbiter-PDP system applicable to the data of 
Figure 2. The envelope of the payload bay doors. shown as the horizontal 
line, was the critical surface for both examples. The figure shows the PDP 
position. the direction of the instrument normal. and the range of directions 
of the plasma flow vectors for the two periods shown in Figure 2. 

density and of the ion temperatures. We do not claim that the 
computed values of the ion temperatures and the NOC density 
represent the actual state of the plasma. The value of the x 2  good- 
ness-of-fit parameter was >5 in most cases which indicated that the 
two-ion flowing Maxwellian model failed to fit the data. This 
explains as well the erratic behavior of the computed value of the 
PDP potential. These traces are shown primarily to illustrate that 
the plasma was highly disturbed, and the subsequent discussion 
will consider this in greater detail. Contrast these data with those 
shown inn Figures 2a and 26 where the PDP was in a region of 
undisturbed flow and the computed plasma parameters displayed 
smooth variations. 

The computed 0' density continued to give reasonable values. 
This is understandable since 0 is the major ion in terms of number 
density by at least one order of magnitude and the flow is highly 
supersonic. Therefore the collector current at zero retarding volt- 
age continued to be an accurate measurement of the 0 * density even 
in the presence of significant perturbations of the thermal distribu- 
tion. The 0' density shows a marked decrease in the first case at 
day 84. 1839. and in the second at day 85, 1650:30. The solar 
zenith angles were 53" and 37". respectively. for these two cases, 
and hence these density decreases were not a result of solar ultra- 
violet terminator crossings. Rather. the explanation is found in an 
examination of the geometry of the plasma tlow relative to the orbi- 
ter during these periods. 

Figures 50 and 56 show sketches of the geometry relevant to 
these events. The origin of the coordinate system is the centerline 
of the payload bay ( Y  = 0, Z = 0).  and the horizontal line at Z = 
0.75 m represents the payload bay doors. which is the critical 
surface for shadowing of plasma tlows from the PDP in this situ- 

ation. At  1833 on day 84 (Figure 501 the ram angle in the PDP Y-Z 
plane was + 20" and decreased over the period 1833-1840 UT to 
-15". The PDP was oriented with the instrument normal collinear 
with the orbiter + Y direction. and hence the plasma flow was 
initially from above the orbiter X-Y plane and during this period 
moved to a direction from below the X-Y plane. The plasma flow 
streamline approached the edge of the payload bay door. and the 
plasma stream was more and more under the influence of the 
perturbing effect of this surface. The sudden decrease in the mea- 
sured density at I839 UT was correlated with a movement of the 
PDP in the -Y direction which carried the instrument farther into the 
wake created by the payload bay door. 

The second example of such a wake effect (Figures 46 and 56) 
occurred over a relatively brief interval ( I min) when the PDP was 
moved from a position over the center of the payload bay to over 
the port (left) wing. The PDP was initially positioned over the cen- 
ter of the payload bay, moved rearward ( in  the -X  direction) 
between 1648 and 1650 UT, and then from 1650 to 1651 UT 
moved as shown in Figure 56. The PDP was held stationary from 
165 I to I654 UT. However, the maneuver included rotations of the 
PDP and the ram angle was less than 45" only for the interval 
1650-1653 UT. In the coursqof the maneuver the PDP entered the 
wake created in the plasma flow by the starboard payload bay door. 

We have also examined the data from a Langmuir probe on the 
PDP. The data for the first period (day 84. 1835-1840 UT) were 
not available but were for the second period (day 8 5 .  16.50-1654 
UT). These data are shown in Figure 6. The panels show the 
electron density. temperature. and the RMS value of h l n  in two 
frequency ranges, 1-6 Hz and 640 Hz. It is seen that prior to entry 
into the wake (1645). the inferred electron density was -3 x IO6, 
in good agreement with the ion density, and the electron tempera- 
ture was indicated as -600°K. 

The electron temperature measurements are subject to large 
errors in the range of 1000°K since the voltage step size was 0.125 
V.  The accuracy improves at higher temperatures, and the trends 
displayed in the figure cannot be due to instrumental effects 
[Murphy er of., 19861. 

At 1650 UT the electron density decreased by a factor of IO, and 
the electron temperature rose sharply to 2100°K. Furthermore, the 
Anln value increased markedly during this interval. indicating that 
significant levels of plasma turbulence were being generated. 

Assuming a daytime ionosphere electron temperature of 
1200°K. the ion sound speed was 0.79 krn/s, and therefore the 
Mach cone angle was 5.7" for the orbital velocity of 7.85 km/s. For 
a PDP location I O  m downstream of the wake-generating surface 
we would expect to encounter plasma density decreases when the 
PDP was within I m of the geometric shadow line. Examination of 
the geometry shown in Figures 5u and 5h shows this to be the case. 
However, the data also show that the concept of a fluid dynamic 
Mach cone is not strictly valid. for it is clear that prior to entering 
the Mach cone the PDP was not in a region of undisturbed flow. but 
rather there were significant perturbations to the plasma distribu- 
tion function which resulted in failure of the assumed two-ion tlow- 
ing Maxwellian distributlon to fit the data, even when the PDP was 
outside of the Mach cone. Compare the distance scales shown in 
Figures 3 and 5 .  In the former case the PDP-orbiter separation was 
larger than the plasma scale sizes. In the latter it was not, and the 
disturbances to the plasma are evident. 

The data examples discussed thus far represent cases when the 
RPA was either in a region of undisturbed plasma flow or when a 
known disturbance source, in particular, wake effects from orbiter 
surfaces. was perturbing the ambient plasma distributions. There 
are several instances, however, when the computed density and 

a 
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Fig. 4. Examples of daytime ionosphere data when the PDP moved into the downstream wake created by the orbiter payload bay 
door. Figure 4a is  for the period day 84.1835-1 840 UT. and Figure 4b is  for the period day 85.16561653 UT. In Figure 4a the NO * 
temperature has been shifted one decade. 
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Fig. 6. Electron density, temperature, and density fluctuation data from the 
Langmuir Probe on the PDP. The time period shown, day 85. 1630-1700 
UT, includes the period of the entry of the PDP into the wake at 1650:30 
depicted in Figures 46 and 56. 

temperature of the major ion and the density of the minor ion were 
reasonable. yet the minor ion temperature displayed abnormally 
high values. An example of this behavior is shown in Figure 7.  The 
major and minor ion temperatures are approximately equal at the 
beginning of the segment. as would be expected at an altitude of 
250 km. The minor ion temperature then began to increase and 
reached an apparent value of over I0,OOO"K. The behavior shows a 
smooth trend. and as well, the x' goodness-of-fit values were 
small. This is in marked contrast to the situations discussed earlier 
when the plasma was disturbed by wake effects and the fitted 
values of the plasma parameters were erratic. 

It is difficult to accept that such high temperatures of the minor 
ion reflect the true state of the ambient distribution. We assume, 
therefore, that this is an effect either of the data analysis procedure 
or of orbiter-plasma interactions. Both possibilities are now 
examined. 

The possibility exists that the seemingly abnormally high 
temperatures seen in the NO + ion were a consequence of a change in 
the ionospheric composition such that the minor ions were 0:' 
rather than NO'. It would seem logical that if the fitting program 
assumed that the minor ions were NO' (m = 30). and in fact there 
were a significant population of 01' (m = 32). then the curve 
fitting program would converge to a higher temperature than was 
actually the case. 

To test this assumption, the fitting program was run for simula- 
ted data input. As was done for the flight data. the fitting assumed 
that the ions were 0' and NO', but the simulated data generation 
routine allowed specification of satellite potential and the densities 
and temperatures of 0'. NO + , and 0: + . Various test plasma:, con- 

sisting of mixtures of 0' .  NO'. and 0 2  - were tried, but it was not 
possible to concoct a distribution that resulted in an artificially high 
value of the NO + temperature. Thus we are led to conclude that 
there was a suprathermal ion component present. and we now 
examine the conditions that resulted in these observations. 

There were four periods in the data set that displayed these high 
NO * ion temperatures. and there were three aspects of the geometry 
that were common to all. The first was that the PDP was parked 
over the centerline of the orbiter bay. The second was that the 
plasma flow vector was at low coelevation angles (<So) and the 
azimuth ranged from 180" to 270". or from generally above the 
orbiter. over the cabin. Under these conditions the plasma flow 
upstream of the PDP was well clear of any orbiter surface. but the 
flow downstream of the PDP impacted the larger surface area 
presented by the payload bay and doors. the wings. and the engine 
pods. The third condition was that the ram angle between the in- 
strument normal and the tlow vector was larger than about 20". as 
illustrated in  Figure 8. Here are plotted the inferred density and 
temperature of the 0' and NO' ions, along with the ram angle. 
During this period the coelcvation ranged between 40' and 25". and 
the azimuth rangcd between 160" and 270". Beginning at day 83, 
2144 UT. the 0 ' and  NO' temperatures were nearly equal. How- 
ever, i t  is seen that as the ram angle increased between 2147 and 
2253 UT. the inferred NO' ion temperature increased a5 well. 
Between 2253:20 and 2255:OO UT the ram angle decreased from 
45" to 15". and this was accompanied by a decrease in the indicated 
NO' temperature. 

The data would indicate that an interaction with the orbiter 
produced a heating of the NO' ion or, possibly, created hot NO' 
ions. This hot population was masked by the colder ram plasma 
when the RPA instrument normal was at small angles to the flow 
but became ever more apparent as the detector viewed away from 
the ram direction. With the limited angular resolution of the RPA, 
it was not possible to measure the angular distribution of this supra- 
thermal component. 

A companion instrument to the RPA was the differential ion flux 
probe (DIFP) mounted in the same package with a view direction 
colinear with that of the RPA. This instrument and data therefrom 
are discussed in detail by Srone er id. [ 1983). The DIFP had a fan- 
shaped field of view of 5" by 90' which-was electronically swept in 
the PDP Y-Z plane. (See Srone er ai. 119831 for a detailed 
description of the geometry.) A significant result was that on many 
occasions the instrument detected a primary ion stream aligned 
with the bulk tlow velocity and. simultaneously, secondary 
streams with angles up to 60" from the ram direction. The intensity 
of these secondary streams ranged from 3 to 20% of the primary 
stream intensity. Stone et al. showed a specific example for day 85, 
2 I 12-11 I 4  UT. where the secondary stream was 63" away from the 
primary stream with an intensity ratio of 8%. RPA data for this 
same period. where the ram angle for the RPA was near the 45" 
limit, showed 0' densities near 2 x IO6 ions/cm.'. but with erratic 
values of the other three ion parameters and a large value of the 
goodness-of-fit parameter x'.  

Recall that the fitting procedure assumes a two-ion flowing 
Maxwellian plasma. Departures from this model. such as the pres- 
ence of a secondary stream component. would produce such a 
behavior in the computed parameters. 

a 

5 .  DISCUSSION AND CONCLUSIONS 

At the outset. measurements of ambient plasma parameters with 
an instrument in close proximity to the shuttle orbiter may seem an 
impossible task. The orbiter is by no means a passive vehicle but 
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rather, as has been shown, creates significant perturbations in the 
local medium with water and water vapor ejections and with firings 
of thrusters. I t  creates as well significant levels of electrostatic 
wave activity as it moves at a high Mach number through the back- 
ground plasma [Micrphj er d., 1983). 

However, the data presented here have shown that valid 
measurements of the ambient ion parameters can be made if the 
instrument is positioned such that the separation between the in- 
strument and the orbiter and the separation between the plasma 
flow streamline and the orbiter, especially upstream, is greater 
than the plasma scale sizes. Here the limit was set by the thermal 
ion gyroradii of approximately IO m. The instrument, therefore, 
must be positioned on a boom or the RMS. However, this exten- 
sion from the orbiter has the effect of driving the instrument to a 
nonequilibrium potential of a few volts by the 3 x aelectric field. 
This potential. which can easily be significantly higher than the 
ambient plasma thermal energies of -0. I eV. must be taken into 
account in the data analysis procedures. Other conditions which 
should be met to insure a valid measurement are the requirements 
that the instrument have a narrow acceptance angle, less than about 
40" full angle and that the instrument normal be aligned parallel to 
the plasma velocity vector. 

The examples of shadowing of plasma flows by the orbiter 
rfaccs have shown (Figures 4u and 4h) that the density profile of a e major ion varied as would be expected according to a tluid 

dynamic Mach cone. However, the plasma is strongly perturbed so 
that the model of a flowing Maxwellian fails to match the data. as 
evidenced by the erratic values of the fitted temperatures and the 
large values of the x' fit parameter. Shotchun er a/ .  [ 19841 have 

reported PDP observations of a persistent electrostatic background 
noise which dominatcd the electric field spectrum at frequencies 
between 30 Hz and 178 kHz with a maximum intensity of 130 dB 
FVimlMHz in the range 300-500 Hz. The frequency range of these 
waves encompasses the ion gyrofrequency . ion plasma frequency , 
and lowcr hybrid rcsonance frcqucncy. Wc suggest that these el- 
cctrostatic wave modes, whatever their generation mechanism. do 
in fact interact with the ambient ion distributions and perturb the 
plasma thcrmal distributions in the manner indicated above. How- 
cvcr, thc ion data from periods when the plasma flow strcanilines 
are morc than an ion gyroradius away from any orbiter surfaces. as 
illustrated in Figures 2a and 26, show that these perturbations are 
localized and do not extend to large distances in the plasma. 

Perhaps the most significant finding of this study is the observa- 
tions of high-temperature components of the NO' ions and to 
lesser extent the 0 ions. These high-temperature components were 
seen under a special set of conditions in the sunlit ionosphere. The 
PDP was in a position such that the plasma flow downstream of the 
PDP impacted on orbiter surfaces, and the detector normal was at a 
sufficiently large angle to the flow direction so that the high- 
temperature distribution was not masked by the ambient cold ion 
plasma flow. 

Hanson and Cragin [ I98 I ] have reported observations of irregu- 
larities in retarding potential analyzer derivative curves (dlldV) on 
the Atmospheric Explorer C and D satellites. They interpreted 
these as due to irregularities in the major ion density, with MUN = 
2% and wavelengths of approximately 2.2 m. They argued that a 
two-stream instability driven by reflected ions with twice the satel- 
lite velocity in the ambient plasma frame was responsible. The dis- 
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Fig. 8. A second example of anomalously high NO* temperatures. The ram angle of the plasma flow relative to the instrument is 
displayed in the lower panel. This illustrates that given certain other conditions discussed in the text, the high NO * temperatures are 
correlated with increasing ram angle. Note particularly the decreases of NO' temperature and ram angle near 2253 UT. 

persion relation for electrostatic lower-hybrid waves was calcu- 
lated. and growth rates of the order of a few milliseconds were 
computed. They predicted as well that the effects would probably 
be more obvious in the vicinity of larger spacecraft. 

Optical instruments on various shuttle missions have detected a 
glow adjacent to orbiter surfaces with estimates of intensities at 
optical wavelengths ranging from a few hundred Rayleighs to IO 
kR [Bunks et al . ,  19836: Mende et 01.. 19831. Papadopolous 
[ I9841 has proposed a mechanism for the generation of seed ioniza- 
tion in the neutral gas cloud surrounding the orbiter by ionospheric 
ions reflecting from the surfaces with relative velocities exceeding 
the critical velocity [Alfven. 19541. The newly created ions form an 
unstable distribution which leads to growth of electrostatic wave 
modes. The mechanism is similar to that proposed earlier by 
Hanson and Cragin [1981], although the former work did not 
specifically involve the critical velocity hypothesis and obviously 
did not include a neutral gas cloud traveling with the satellite. 
These waves in turn heat electrons which close the chain in a 
positive feedback sense by creating new ions by impact ionization. 
The model predicts creation of ion distributions with temperatures 
up to I IO eV, beams of ions with energies of 5-10 eV. and an 
electrostatic wave spectrum with frequencies in the orbiter frame of 
reference up to 20 kHz. 

The observations reported here and elsewhere (see references) 
from the PDP instrumentation of plasmas and waves support, at 
least qualitatively, the predictions of the model of Pupadopolous 
[ 19841. The secondary ion streams observed by the DlFP [Srone er 
al . .  19833, the electrostatic wave modes which intensify with water 
ejections and thruster firings [Murphv et al . .  1983; Pickerr er 01.. 
19851, and the hot ion distributions reported here all are in agree- 
ment with various aspects of this model. It is interesting to note that 
according to the analysis given in the model, the wavelengths of 

unstable waves in the plasma near the ion plasma frequency and ion 
cyclotron frequency are of the order of tens of meters, that is, of the 
order of the orbiter dimensions. 

In summary, this experimental effort has shown that strong 
perturbations to the ambient ion plasma can occur in the presence of 
the orbiter. In the case of geometrical shadowing by a surface or 
edge. the density variation of the major ion (with distance from the 
streamline) behaves as would be expected from a fluid dynamic 
Mach cone geometry. However, orbiter-plasma interaction effects 
extend to a few meters outside of the Mach cone and cause signifi- 
cant departures from a flowing Maxwellian distribution. The 
impact of the plasma flow with the orbiter creates high-temperature 
components of the ion distributions which are observed when the 
ion collector is looking away from the ram direction. However, we 
have also shown that valid measurements of ambient ion 
parameters can be made with an instrument attached to the orbiter 
on the RMS or a boom if the geometry is arranged such that the 
instrument and the plasma flow streamline are greater than about IO 
m from any orbiter surface and the instrument is collimated around 
the plasma flow vector. 

The next investigation with this RPA instrument on the PDP has 
occurred on the Spacelab 2 mission in July-August 1985. The PDP 
was released from the orbiter and functioned as a free-flying spin- 
ning subsatellite. By means of a series of orbiter maneuvers, the 
PDP "flew around" the orbiter and thus allowed detailed and sys- 
temmatic measurements of the structure of the plasma wake and 
perturbation regions both upstream and downstream. 
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The Space Shuttle as a Platform for Observations of 
Ground-Based Transmitter Signals and Whistlers 

T. NEUBERT, T. F. BELL, AND L. R. 0. STOREY 

STAR Laborstory. Stanford University, Stanford, California 

D. A. GURNETT 

Department o j  Physics and Astronomy, The University of Iowa, Iowa City 

Recent experimental and theoretical studies indicate that coherent VLF waves, auch u 
lightning-generated whistlers and signals from ground-bared VLF transmitters, can often p m  
duce significant pitch angle scattering in energetic particlea in the magnetorphen. However, the 
relative importance of these waves in controlling the lifetimes of energetic partida is only partidly 
undemtood due to limited knowledge of the global distribution of the coherent w a v a  throughout 
the magnetosphere. The present paper presents a preliminary global study of VLF transmitter 
signals and low-latitude whistlen received at 245 km altitude on the space shuttle. The o b  
vationa were made in a 5-day period during the STS 3 m i d o n  of the a p e  ahuttle in Marth 
1982. The threshold scnaitivity of the wave receiver when mounted in the ahuttle b y  w u  0.3 
pT f 10 dB (set by the shuttle electromagnetic interference), which wm nrfficient to detect the 
whistler &e ai@ in large re 'OM of the ionoaphm. We find that tb. direct ai& from a 
IO-kW truurnitter l ou ted  at 28 S magnetic latitude wem d v e d  in a roughly circulu region 
with a &Meter of 6WO km centered w u n d  the truurnittar. The ai@ gropagating through 
the magnetosphere from a 5WkW magnetically conjugate t ruumi t te ra t  40 N magnetic laritude 
were received inside a region extending 5000 km in longitude and 2000 km in latitude. Finally, 
the direct signals from a 1 MW-transmitter at 31's magnetic latitude were received in region 
extending 22,000 km in longitude. while the Iatitudindextent (5000 km) w m  limited by the shut- 
tle orbit and the daylnight terminator. Except for one c w ,  sign& were received only during 
nighttime. Extremely small  dispersion whistlen were detected on Lshella between 1.04 rad 1.11, 
ruggating that the lack of ducted whistlen on magnetic field l i n a  in thir range ia not due to 
tranamiuion IOU UIPU the D region boundary or to high ionospheric abrption l a ,  but amet 
Likely to a I& of ductr. 

!Y 

1. INTRODUCTION 

T h e  dynamics and lifetime of energetic electrons in 
the magnetosphere depend in large memure on the VLF 
wave activity both generated spontaneously in the medium 
and arising from ground-baaed VLF transmitters and from 
lightning-generated whistlers. Estimations of whistler wave- 
electron interactions are usually done with either of two 
a u m p t i o n s :  (1) that  the waves propagate in a ducted 
mode parallel to the  earth's magnetic field; or (2) that  the  
waves a re  nonducted but their ray paths can be described 
by tw-dimensional ray tracing calculations in which trans- 
meridional propagation is neglected. The  ionosphere is of- 
ten the  boundary in t h a e  calculations, from which rays are 
"launched" into the  magnetosphere. The  actual field am- 
plitudes in the  ionosphere are dependent on D region a b  
sorption, coupling into ducts, and coupling between the  two 
wave polarizations, and thus they are complicated functions 
of local time, geographic location of the transmitter, geo- 
magnetic activity, and signal frequency. However, both for 
lightning-induced whistlers and for VLF transmitter signals, 
in situ measurements of the global distribution of field in- 

in the ionosphere (a  boundary condition) are rare. 
i th this pilot study, we want to draw attention to the 
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opportunity provided by the  space rhuttle to resolve thi8 
problem. 

T h e  STS 3 mission of the  r p w e  shuttle was curied out 
in M u c h  1982. The  shuttle w u  launched into an dmwt 
c i rcu lu  orbit with an altitude of 240 to 250 km md an in- 
clination of 37'. T h e  nighttime p a n a  were in the wuthern 
hemirphere, and the daytime pmsm in the  northern hemi- 
sphere, the shuttle crossing the day/night terminator within 
a few degreer of the geographic equator at local t i m a  of 
roughly 0600 or 1800 LT. T h e  range of L shells [Mcflwoin, 
19611 covered by the  shuttle wan from 0.95 to 2.63. 

T h e  transmitters we have selected for thio study are the 
USSR Alpha stations in Komsomolskamur and Kramodar, 
the Omega stations in Japan, Hawaii, La RCunion, and Ar- 
gentina, m d  the  NWC transmitter in Australia. T h e  gee- 
graphic latitude, longitude, radiated power, and frequency 
range of each of these transmitten are listed in Table 1. 

Signals from these VLF stations were most often received 
during nighttime when the  shuttle was in the  southern hemi- 
sphere. From the  distribution in latitude and longitude 
and the time delays of the Omega and Alpha station sig- 
nals, we infer that  signals from the northern hemisphere 
stations propagated through the magnetosphere along the 
earth's magnetic field before reaching the  rhuttle, while sig- 
nals propagated directly through the  ionosphere up  to  the 
shuttle from southern hemisphere transmitters. 

The  rneaaurements presented here were performed by a 
wideband analog receiver system, which WY part  of a plasma 

I I .262 
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TABLE 1. List of TrMsmitterr 

Puusnitca LAtitUd., Longitude, RdiatdPora ,  FkequQcy, 
d.( d.8 kW kH8 

NWC 
(Aurtrdh) 2 1 ' 4 h  114'ldE lo00 22.3 

AlPh. 
KomnomoL 

Kr-odar 45'02'N 38'39% 10-500 
11.9-15.6 
11 3-1 5.6 

kamw 50°3rl'N 136°58'E 10-500 

Omega 
Japaa 34'36" 129'27'E 10 
Hawaii 21'24% 157°491W 10 
La RCunion 20' 58's 55°171E 10 
Argentina 43OO3'S 65' 1l'W 10 

10.2-13.6 
10.2-13.6 
10.2- 13.6 
10.2-13.6 

Datb are j ~ o m  h a n  et  ai. [1984]. 

diagnostics package (PDP)  [Shawhan et al., 1984al. During 
the mission the P D P  was housed in the shuttle payload bay. 
An electric dipole antenna with two 20-cm-diameter spheres 
separated by 1.6 m waa used to monitor the electric wave 
field, while the magnetic field waa probed by a search coil 
sensor. A wideband receiver wan connected to  the electric 
antenna (51.2 s) alternating with the magnetic antenna (51.2 
s). Every eighth 51.2-0 format, a Langmuir probe was  s u b  
sti tuted for a magnetic sensor. 

T h e  receiver had a 10-kHz bandwidth, selecting nominally 

s). T h e  frequency format was synchronized with the an- 
tenna format. T h e  10- to 20- and 20- to  30-kHz range were 
heterodyned down to 0-10 kHz. In the process, the 10- to  
20-kHz band was inverted, so tha t  an assumed 20-kHz signal 
appears aa a 0-kHz signal. 

Signals from ground-based stations were most commonly 
seen in the magnetic field data, and thus the da t a  presented 
here are primarily based on measurements from the search 
coil. T h e  wideband receiver wan designed to give high fre- 
quency and time resolution in  the  VLF frequency range, but 
not to give accurate field intensities. However, the  search 
coil Mnsor was also connected to a 3 0 - k  t o  178-kHz receiver 
with 16 logarithmically spaced channels. This receiver has 
been calibrated. I t  has been found that  the magnetic fields 
in the range 10.0-17.8 kHz and 17.8-31.0 kHz have ampli- 
tudes of 7 p T  f 10 d B  in each of the two bands and that the 
noise primarily consists of a number of narrow-band emia- 
sions from power converters, etc. [Shawhan and Murphy, 
19846). This  noise level is independent of the orbiter stti- 
tude and only slightly t ime dependent as systems in the pay- 
load bay are turned on or off. To estimate an approximate 
threshold field amplitude for detection of the transmitters 
in gray scale spectrograms, scans of amplitude versua fre- 
quency at selected times have been inspected. Comparing 
the ampl i tuda  on  these scans, of a transmitter signal and 
the  most dominant interference lines, we estimate that  the 
threshold amplitude is about 0.3 p T  f 10 dB. 

T h e  wideband d a t a  base consists of about 24 hours of 
observations which were acquired over a total of roughly 
16 orbits. In the following sections the d a t a  are presented 
and d i s c d .  We also provide brief comments on the ad- 

0-10 kHz (25.6 s), 10-20 kHz (12.8 s), and 20-30 kHz (12.8 

vantages of the space shuttle and its orbit for future wave 
experiments. 

2. OBSERVATIONS 
Typical examples of VLF transmitter signals and whist- 

lers detected by the wideband receiver are shown in Figure 
la  and 16. Figures la shows 51.2 s of d a t a  from the magnetic 
antenna followed by 51.2 s of d a t a  from the  electric antenna. 
Each 51.2-8 section is divided into three parts, marked I, 11, 
and 111. Part  I represents d a t a  in the 0 to  10-kHz range; part 
I1 represents d a t a  in the 10 to 20-kHz range which has been 
heterodyned down to the 0 to 10-kHz range and inverted so 
that  the base corresponds to  20 kHz, while the top part of 
the spectrogram corresponds to 10 kHz. Part  I11 represents 
da t a  in the 20 to 3O-kHz range which has been heterodyned 
down to 0-10 kHz. In this part the base corresponds to 20 
kHz, while the top part  of the spectrogram corresponds to 
30 kHz. 

Figure la contains signals from two VLF transmitters, 
Komsomolskamur and NWC. The  transmission format of 
the Alpha station Komsomolskamur consists of a sequence 
of 400-ms C W  pulses, each at  one of the three frequencies 
11.905, 12.649, and 14.881 kHz, while the NWC Australia 
transmissions consist of a continuous stream of 5-ms pulses 
a t  either of the two closely spaced frequencies 22.3 kHz f 
50 Hz. From Figure la, we note that  the signals appear to 
be relatively stronger on the magnetic antenna. This is at 
least partly due to the  strong broadband electrostatic noise 
level presumably generated by the shuttle interacting with 
the ambient plasma [Shawhan et al., 1984b], which imposes 
a higher threshold for detection of the electric component of 
the signals. 

Figure 16 shows an echoing whistler train observed at  
L - 2.3. This type of whistler train has been observed 
on other spacecraft in the past (for example, see Bell et 
al. [1983]). The  echoing components are believed to consist 
of whistler mode wav- which have leaked from ducts and 
have subsequently scattered to the spacecraft position. Al- 
though numerous whistlers were observed during the STS 3 
mission, their occurrence rate was generally low compared 
with the rates of 1 t o  10 per minute commonly measured at 
mid-latitude on other low-altitude spacecraft [Carpenter et 
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Fig. 1. Gray scde spectrogram showing (4) the reception of rip& from the Alpha station K o m r o m o b W  
(KO) seen M a dot pattern and the NWC Australia station seen (u a constant frequency line, and ( b )  the reception 
of whirtlerr. Also indicated is the antenna format and the frequency format; I: 0-10 kHz, 11: 20-10 Wz, and 111: 
20-30 kHz. 

al., 1968; Smith and Angerami, 1968; Walter and Angerami, 
19691. This low rate cannot be attributed to a lack of sources 
ince tlie shuttle often passed over Indonesia, a well-known 
rea of thunderstorm activity [Lewis, 19821. Instead we be- Q ieve that  the low rate can be attributed to the relatively 

high level of electromagnetic interference (EMI) which ex- 
isted in the  payload bay. 

The  time resolution of the measurements is limited by 

the antenna and frequency format. Any of the  bands at 
10-20 kHz and 20-30 kHz are monitored by a particular 
antenna for 12.8 s every 102.4 s. In the  89.6-8 time interval 
that  a frequency band is not monitored by for instance the 
magnetic antenna the  shuttle moves about 700 km with a 
velocity of 7.8 km/s. 

Assuming tha t  the signals from the  ground-based VLF 
transmitters largely propagate along the earth'r magnetic 
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Fig. 2. The global reception of VLF transmitter signals. The magnetic footprint of the shuttle is shown when 
ai& from the Alpha and Omega tranunitterr were first received and when they later disappeared. The orbit . during reception ir approximated by straight lines. The contour limiting the reception of the NWC Australia 
transmitter is abo shown. The location of the trwmittem is indicated by solid circles and the 40'. Oo. and -3t' 
magnetic latitude contoun by dashed lines. One orbit during reception of the NWC station is a h  rhown. 

field lines, for instance in a ducted mode when propagat- 
ing from a transmitter located in the opposite hemisphere 
of the shuttle, the global reception of ground-based VLF 
transmitter signals during the shuttle mission can be sum- 
matized aa in Figure 2. This figure shows the location of 
the shuttle when projected along the earth's magnetic field 
to the surface of the earth during times when ground-based 
transmitters were received. The projection h a s  been done 
by approximating the earth's magnetic field with a dipole 
field centered at the earth's center and the magnetic pole at 
11.435' colatitude and -69.761' east longitude; T h e  shut- 
tle location is projected toward the hemisphere where the 
transmitters are located. Since the transmitters are received 
almost exclusively a t  nighttime, the shuttle itself WM in the 
southern hemisphere. For the Alpha and Omega station8 
are shown the magnetic footprint of the shuttle when the 
signals are first received and when they disappear, and the 
orbit during reception is approximated with straight lines. 
For the NWC Australia station, the contour limiting the r e  
gion of reception and one projected orbit are shown. Also 
indicated are the location of the transmitters (solid circles) 
and the 40°, 0' and -30' magnetic latitude lines (dashed 
lines). Note tha t  the Omega station in Australia was not in 
operation a t  the time of the STS 3 flight. 

Signals from the NWC transmitter were observed during 
six orbits, and receptions were confined solely to the night- 
time sector. In fact, from 120' to 200' longitude the north- 
ern boundary of reception was aligned with the geographic 
equator, the approximate latitude at  which the spacecraft 
crossed the day/night terminator. Signals disappeared here 
within 20 min of 0600 LT, the time of terminator cross- 

ing. T h e  eastern boundary is determilied by limitations in 
tile wideband da ta  set, and the  southern boundary by the 
shuttle orbit. The western boundary, however, is a true 
boundary of reception. 

Figure 3 gives an oveview of the da t a  base containing 
the Alpha and Omega statiolis ordered in  local time. It is 
based on visual inspection of gray scale spectrograms and 
inclirdes only these stations because they have an easily rec- 
ognizable frequency format distinct from the shuttle inter- 
ference lines. The abscissa is the local time divided into 
1-hour bins. T h e  top panel shows the number of times the 
orbiter passed through a LT bin while receiving one of the 
stations. The bottom panel sliows the number of times when 
the magnetic footprint of the shuttle (both direct and con- 
jugate projection) was  within 10" latitude and longitude of 
a transmitter without receiving the signal from this station. 
Figure 3 shows that the stations almost exclusively were re- 
ceived during nighttime, althought opportunities were dso 
present during the daytime as defined by the 10' lati tude 
and longitude criterion. While the limited da ta  base and 
the uncalibrated wideband receiving system do not allow us 
to perform any deeper statistical analysis, the results shown 
in Figure 3 suggest that the reception of the signals has a 
strong dependence on LT, in that the signals were rarely 
observed during the daytime. This is not surprising as the 
higher D region plasma density is expected to increase the 
absorption by about 20 dB at  10 kHz and 30 dB at  30 kHz 
[Hclliwell, 19651. 

During nighttime when the shuttle was either magneti- 
cally conjugate to a traiismitter or in the same hemisphere 
within 1000 km, the signals from this transmitter were usu- 
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RECEIVED -1 

LT (houo) 

Fig. 3. Local time (LT) is divided into 1-hour bins. Top panel 
shows the number of times the shuttle pessed through a LT bin 
and received sign& from one of the stations. Bottom panel rhows 
the number of times signals were not received when the footprint 
of the orbiter passed a transmitter within 10' in latitude and 
longi tude. 

ally received on the magnetic antenna. The only exception 
is the Argentina transmitter whose signals occasionally were 
not received during the nighttime. This transmitter is also 
comparatively rarely observed on satellites (T. F. Bell, per- 
sonal communication, 1987). The coverage of this transmit- 
ter is unfortunately poor in the present da ta  set, with da t a  
from only four orbits passing within 10' in latitude and lon- 

de of the transmitter. Out  of the four opportunities, the 
als were missing in three. The  lack of reception could dk e influenced by the increased ionospheric electron density 

expected near the South Atlantic anomaly (Vampola and 
Corney, 19831, which would increase the absorption losses. 

3. DISCUSSION 
The detailed analysis of magnetospheric interactions be- 

tween energetic electrons and coherent signals from ground- 
based transmitters requires knowledge of both the input and 
output signals IU well as information concerning the ener- 
getic particle distribution function. In past experiments, 
measureenb of these parametem have been made on both 
rockets and high- and low-altitude satellites, and important 
advances in knowledge have resulted from the analysis of 
these da t a  [Inon et al., 1978; Bell et ol., 1981, 1983; Neubert 
et at., 1983; h'intner et ol., 1983; h h o f  et al., 1974, 1976, 
19830,bI. However, most past work has involved case studies 
in limited regions of the magnetosphere and little has been 
published concerning the global distribution of wave energy 
from ground-based VLF transmitters. This is a quantity 
that  must be known in order to understand the details of 
wave injection experiments, (u well as to assess the impor- 
tance of VLF transmitters, vis a vis the ambient wave back- 
ground in determining the lifetimes of energetic electrons in 
the magnetosphere [Imhof et ol., 1974, 1976, 1983a,b]. 

In principle, the radiation fields in the ionosphere from 
ound-based transmitters could be calculated from a full- 
ve solution of Maxwell's equations extending from the Q) rth-ionosphere waveguide through the ionosphere. How- 

ever, important properties of the ionosphere, such as colli- 
sion frequencies and plasma density distributions, are not 
well known near the locations of most ground-based trans- 

mitten.  Consequently measuremenb of input wave p r o p  
erties in the ionosphere will be necessary to calibrate fu- 
ture theoretical models. From this point of view, wave mea- 
surements made at  shuttle altitudes can play an important 
part in understanding wave-particle interactions in the ion* 
sphere and magnetosphere. 

An example of ionospheric wave magnetic field da t a  as 
observed on STS 3 is shown in Figure 4. The signals were 
transmitted from the NWC transmitter a t  22.3 kHz and re- 
ceived during the paas shown u a dashed line in Figure 2. 
The figure shows the wave magnetic field amplitude as a 
function of the distance between the transmitter and the 
foot of the magnetic field line on which the shuttle was l e  
cated (we define the "foot" of the magnetic field line as the 
point of intersection of the field line with the earth's sur- 
face in the hemisphere of the transmitter). The  amplitude 
is given in relative units and is compared to a very simple 
model proposed by Inan et 01. [1984], which predicts the rel- 
ative amplitude variation with distance from a transmitter. 
It can be Seen that the fit between theory and observations 
is reasonably good, insofar as the relative amplitude varia- 
tion is concerned. The  absolute value of the wave amplitude 
cannot be predicted from the simple theory. Note however, 
that  with the current assumption of 0.3 p T  f 10 dB for 
the threshold field sensitivity, the maximum field strength 
received during this pass reaches 15 p T  f 10 dB, which 
is consistent with previously reported magnetic field ampli- 
tudes of waves from ground b w d  VLF stations measured 
from satellitca [Heybome, 1966; Inan et ol., 19841. 

Recent theories predict enhanced energetic electron pre- 
cipitabion above LF and MF transmitters through a cy- 
clotron resonance interaction be tmen the electrons and the 
wave field in the topside ionosphere above the transmitterr 
[Neubert et ol., 19871. However, in situ mearuremenb of 
wave fields in this frequency range are rather scarce. T h e  
shuttle could provide, with a wave experiment flown on con- 
secutive launches, a global map of LF and MF field intensi- 
ties in the ionosphere. 
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Fig. 4. Amplitude of the NWC tranamitta signals M a function 
of distance from the transmitter of the Shuttle magnetic footprint 
for the orbit indicated on Figure 2. The GdB level corresponda 
to 0.3 pT f 10 dB. Also rhown is the relative amplitude vari- 
ation predicted from a simple model [Inan et ai., f984. The 
experimental pointr marked 1 and 2 are from the p u r  north of 
the transmitter when the distance WEU incre-ing. 
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VLF wave amplitude measurements in the topside ion+ 
sphere would be important for understanding the propa- 
gation characteristics of low-lati tude whistlers by comple- 
menting ground based measurements [ Tsuruda and Hayashi, 
1975; Okada et al., 1977, 1981; Hayakawa et ai., 19811. It 
has been proposed to use low-latitude whistlers as a diagnos- 
tic tool to determine the distribution of cold plasma within 
the inner radiation belts (L < 2). However, a number of un- 
solved problems remain concerning the mode of propagation 
of whistler mode waves on low-latitude paths and the effi- 
ciency of whistler duct excitation a t  low latitude [Hayakawa 
and Tanako, 1978; Ohta et al., 1984; Hayakawa et  al., 19851. 
Wave magnetic and electric field measurements of whistlers 
and signals from ground-based transmitters a t  shuttle alti- 
t u d a  (245-400 km) would be very useful in attempting to 
answer these questions. 

In the present study, extremely small dispersion whistlers 
were detected on days 84, 85, and 86 as the spacecraft 
crossed magnetic shells in the range 1.04 2 L 5 1.11. EX- 
amples were obtained a t  local times of both - 0600 and - 
1700 LT. The dispersions of the whistlers lay in the range D 
=1.5-2.5 which is within the expected range for short- 
fractional hop whistlers (direct propagation from the ground 
through the ionosphere). 

These observations give direct evidence that VLF w a v a  
C M  be transmitted across the D region boundary a t  these 
low latitudes and can propagate through the ionosphere to 
altitudea near the F region plasma density peak. Past work 
on low-latitude whistlers haa indicated that  ducted whistlers 
are generally not observed at geomagnetic latitudca lean than 
15' (L < 1.13), and the sma l l a t  measured va lua  of dis- 
persion are roughly D - 10 s'12 [Hayakawa and Tonoka, 
19781. T h e  present observations suggest that  the lack of 
ducted whistlers at L < 1.13 ir more likely due to a lack of 
whistler mode ducta on these L ahella, rather than to high 
ionospheric absorption or high transmission lo= acrosa the 
D region boundary. Since the dispersion is closcly propor- 
tional to the integral of the electron plaama frequency along 
the ray path, i t  can in prinaple be used rr a diagnoatic tool 
to determine plaama density variationr below the spacecraft. 

T h e  STS 3 VLF wave da ta  show tha t  even though the 
shuttle EM1 imp- limitson the thrahold  sensitivity of the 
wave recavers, valuable meaaurementa of VLF wave activity 
can be performed even when the antennrr are housed in the 
shuttle bay. T h w ,  with calibrated receivers, global rtudiea 
of VLF magnetic field intensit ia may be performed accu- 
rately a t  shuttle altitudea closc to the P peak region of the 
ionosphere. I t  is clear, however, that  the electric field mea- 
surements are significantly disturbed by shuttle-generated 
noiw. For such meaaurements the wave experiment must be 
free flying at  some distance from the shuttle, say 100-300 
m, aa was done during the Spacelab 2 mission [Curnett et 
al., 19861. 
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Comment on “Ram Ion Scattering Caused by Space Shuttle v x B Induced 
a 

Differential Charging” by I. Katz and V. A. Davis 

N. H. STONE.’ U. SAMIR.’” K. H.  

INTRODUCTION 
lu r ing  the third space shuttle flight (STS 3) the plasma 
Gnostic probe (POP)  experiment. a self-contained deploy- 
t satellite, provided the first measurements of the plasma 
1 tield environment of the space shuttle orbiter. The 
asurements from this and the subsequent Spacelab 2 mis- 
n still represent our primary source or information regard- 

the plasma environment of the orbiter. In their paper. 
I: und Dauis [I9873 claim that the design of the POP ther- 

: I  blanket. which included a conducting wire mesh covering. 
ulted in the scattering of ionospheric ions from the POP 
e n  i t  was biased several volts negative by the v x B emf 
nerated between the orbiters’ main engine bells (the ground- 
3 point of the orbiter) and the POP located on the remote 
inipulator system (RMS). Moreover, they claim that these 
attered ions are responsible for the high-inclination second- 
y ion streams reported in the near environment of the or- 
ter by Srone cr 4l. [1983. 19861. 
Considering the derails of the design, it could be expected 
at under certain conditions. ions may be reflected from the 
3P’s surface. With a negative potential on the conducting 
ire mesh covering the nonconducting beta cloth, the poten- 
21 structure that develops is like that of a classical retarding 
xential analyzer (RPA). However. Koit 4nd Dauis [ 19871 
so claim that the reflected ions are scattered. Moreover. in 
-riving at their conclusions as to whether this actually hap- 
zned in the case of the POP and. if so. what effect such 
:flections may have had on the measurements, Kur: orid 
oris [ 19871. by their own admission, have considered only 
:ry limited portions of the STS 3 data and have ignorcd 
:her measurements that their computations are unable to 
;plain. Here we point out that even the STS 3 data con- 
dered by Kar: 4nd 04cis [ l98q are not properly represented 
J their model and. moreover. that their results are inconsis- 
nt with laboratory experiments in which a Kction of the 
D P  thermal blanket, together with its wire mesh covering. 
as placed in the flight configuration with the flight model of 
e RPA/difTerential ion flux probe (DIFP) and exposed to a 
asma with ionospheric characteristics (i.e.. values or thc 
asma density, temperature. and drift velocity approximating 
ose of the lower ionosphere). 
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WRIGHT, J R . . ~  AND K. S. HWANG’ 

ML~ASUKEMCXTS Fno\i THE STS 3 MISSION 
Siotic 1’1 t i l .  [IYB!. 19861 pointed out that two distinct ion 

strcdnib had been observed upstream in the near-orbiter 
plnsnia en\ ironment. 1.e.. the expected ram ion flux lapproxi- 
m;i~el> coincideni with the angle or attack) and a second. less 
intense stream at a large angle to the ram. In considering 
wlietlier the scattering mechnnism suggested by Kur: und 
D U I ~  [I9873 can explain these observations. i t  should be 
noted that the angles of the ram and secondary ion streams 
hate opposite signs. In other words. they arrive from opposite 
directions with respect io the normal to the PDP surface. The 
meclianism suggested by Kctrs utid Daris [ 19871 would result 
in the secondar? and ram ions always arriving from the same 
side of the surface normal [Ktir: ofid Duris. 1987. Figure 31. 
We take exception to the claim made by Kar: und Ducit 
[I9873 that a small strip of exposed beta cloth around the 
RPA DIFP sensor heads could have repelled ions. This strip 
was only 0.5 cm (approximately one Debye length) wide and 
located o n  the surface of the POP while the sensor heads 
protruded 1.3 cm above the surface and the entrance slits of 
the DlFP were located almost 4 cm from the edge of the 
sensor head (or more than 8 Debye lengths from the strip). 
Moreover. the results published by Kur: utid Dai:is 119871 do  
not show any repulsion of ions-only a slight ( 1 ’ )  deviation in 
dircclion (see thcir Figurcs 7 and 9). I t  docs not appear. there- 
fore. that a scattering mechanism can explain a care. such as 
that reported by S i o w  VI t i l .  [ 1983. 19861. where a secondary 
stream arrives from the opposite side of the surface normal 
from the ram ion current and, moreover. where no secondary 
streiinr iirrives from the same side of the surface normal. 

Siwiz  Y I  t r l .  [I9861 also pointed out that ( I )  the high- 
inclination secondary ion streiim vanished when the PDP was 
trimslated 8.8 m from the X axis and 65‘ above the X Y  plane 
of the orbiter. (1) the intensity of the secondary stream (and 
the ram ions) was directly proportional to the measured neu- 
tral density. (3) the density of ionized and neutral particles 
decreased as Iir with distance from the orbiter, and (4) the 
ram ions were not precisely aligned with the ram direction 
derived from orbiter and POP attitude data. I t  should also be 
noted. as was paintcd out by Siotic cr a/. [1986]. that all 
reported measurements wcre corrected for POP potential and 
thc variation of DlFP sensitivity with angle. as reported by 

Once again. i t  seems doubtful that a scattering mechanism 
explains the observed characteristics of the high-inclination 
secondary ion srreams. First. when the secondary streams van- 
ished. the POP was still located fully in the unobstructed 
ionospheric plasma. and although the DIFP was tilted to a 
high angle of attack. same ram ion current was still measured. 
I f  the secondary stream had resulted from scattered ram ions. 
it should have continued to exist at this point. 

Second. i f  the conclusions of Kar: atid Davis 119871 con- 
cerning the role of a scattering mechanism in producing this 
phenomenon were correct. the secondary ion stream should 
have vanished when the PDP potential became less than a few 

siot ic  C’I d .  [ 19SS’l. 
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s negative and could not exist as the potential approached 
. In fact. as shown in Figure Ih. the potential of the POP 
.d over the time period reported from approximately 
5 V at 1648:45 UT (which may meet the requirements of 
Computations made by Katz and Davis) to -2.5 V at 
:OO UT (which is outside the potential range for which the 
! and Davis computations apply). Note that the secondary 
itream does not vanish at this point. To the contrary, as 
[n in Figure la. between approximately 1650:oO and 
:45 the secondary ion stream increases in intensity even 
ph the POP potential is becoming more positive and ap- 
c h a  zero just beyond this period. The secondary stream 
tt observed beyond 1650:45 UT simply because it has 
d out of the instruments' field of view. 
fore leaving the STS 3 measurements, two further points 
Id be made clear. First. as stated by k n n e  et al. [1983]. 
NFP performs an angle scan in only one plane. We were 
iware of the possible elTects of the unknown. out-of-plane 
anent of the ion velocity (which was intended to be de- 
ned by the POP spin phase but was unavailable from the 
inning PDP on the orbiter's RMSl and therefore delib- 
y chose data for which the out-of-plane component of 
rbital velocity remained small. In the case reported by 
et al. [1986]. for example. the out-of-plane angle never 

ied IS" and therefore was not a significant factor in 
ring the ram ion current. Since scattered ions can be 
ted to be most intense in the flow direction (i.e.. down- 
1 of the impact point, which is what Figure 2 of Kat: 
louis [ 19871 suggests), the out-of-plane effect should be 
la1 for any possible reflected ions as well. 
md. the inference by Kat: and Davis [I9873 that the 
of the secondary ion streams exceed the critical angle 

.erefore originated at the P O P S  surface IS incorrect. For 

the case of negative spacecraft potentials. there docs exist a 
critical angle above which the ions must have come from 
within the spacecraft sheath. However, Kurz und Dauis [198TJ 
have incorrectly defined the angle. The tangent of the critical 
angle is the ratio of the initial ion velocity, parallel to the 
surface. to the component normal to the surface that results 
from ion acceleration within the sheath, Le.. 

where V ,  is the parallel component of velocity. 4 is the poten- 
tial drop across the sheath. and e and rn are the ionic charge 
and mass. respectively. (Note that Ocro is the measured angle, 
uncorrected for sheath effects.) 

In a particular case. the value of the critical angle depends 
on the mass and initial speed of the ions and the potential 
drop across the spacecraft sheath. If we assume the ions to be 
atomic oxygen initially traveling parallel to the POP'S surface 
at the orbital velocity of 7.7 km/s and use. as an example, the 
varying POP potential for the time period reported by Stone 
t a r  nl. [ 19863 and shown here in Figure Ib, the results. given in 
Figure 2, show that the calculated critical angle is always 
yrciter than the measured angle of incidence for the ions. 
Therefore it is not  necessary to invoke an ion source on the 
surface of the PDP to explain the high inclination of the 
sccondary ion streams. They can originate from outside the 
shcath. beyond thc influence of the POP. 

RESULTS FROM LABORATORY EXPERIMENTS 
In order to test for possible effects produced by the interac- 

tion between the POP and its environmental plasma. two 
experiments were conducted in the space plasma research fa- 
cilities at the Marshall Space Flight Center. These experi- 
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Fig. 2. Comparison of secondary ion stream angles of attack with the 
calculated "critical" angle for the period shown in Figure 1. 

ments. which used sections of the PDP's thermal blanket, 
complete with its wire mesh covering, and the flight model of 
the RPA/DIFP instrument, are shown schematically in Figure 
3. In both cases. the wire mesh covering was connected to a 
power supply and biased over a wide range of voltages. Exper- 
iment t, shown in Figure 3% was designed to determine if 
particles can k reflected from the su r faa  of the PDP. In this 
case, a laboratory model of the DIFP  waa placed so that it 
could detect particles coming OK a section of the P D P  thermal 
blanket but would not be able to sce the ambient plasma 
stream. The thermal blanket sample could k rotated out of 
the plasma stream to allow a second, control instrument to 

ure the ambient stream characteristics. In experiment 2. a n in Figure 36. the fight model of the RPA/DIFP WM 
mounted in the PDP flight configuration with a section of the 
PDP thermal blanket: i.e.. the blanket section was formed to 
the PDP radius, and the RPA/DIFP viewed the plasma 
through the same penetrations in the blanket and with the 
same view angle as during the STS 3 and S p a a l a b  2 missions. 
In this case. the ambient plasma stream was measured directly 

C 

Fig. 3. P D P  surface-plasma interaction eKccts experiments. (a) 
Schematic of experiment 1: investigation of reflected ions. ( b )  %he- 
matic of experiment 2: investigation of return current to the PDP 

by the DIFP. and ions reflected from the surrounding surface 
of the thermal blanket were searched for. 

Experiment I revealed that with sulliciently negative poten- 
tials on the wire mesh. ions can be reflected from the surface of 
the PDP. Figure 4 shows the intensity of the reflected ions, 
normalized to the fret stream value. as a function of their flow 
angle with respect to the normal to the surface of the thermal 
blanket. Several values of the bias voltage were applied to the 
wire mesh covering on the thermal blanket as indicated in the 
ligure. ( I n  all cases shown here, the angle of the incident 
plasma stream was -3O.d Notice that the current density of 
the reflected ions peaks sharply at an angle of + 30' and has a 
full width at half maximum (FWHM) value of about 9'. As 
shown by the geometry of the flow directions given in Figure 
5. this is indicative of spccular rcflcction and parallel flow 
rather than scattering. or dilruse reflection. In Figure 6 the 
normalized current density of the reflected ions is shown as a 
Cunction of the bias applied to the wire mesh cover on the 
thermal blanket. Notice that there is a sharp cutom as the 
potential approaches zero. In the case where the electron ther- 
mal energy was several electron volts, the cutotT occurred at 
approximately - 10 V. whereas in the case where the electron 
thermal energy was only a few tenths or an electron volt, the 
cutofT occurred very near zero. When corrected for the posi- 
tive plasma potential in the synthesized plasma stream, this is 
equivalent to a few volts negative. 

From the results of experiment I we conclude, then. that the 
P D P  surface could have reflected ions when its potential with 
respect to the surrounding plasma was more than a few volts 
negative. This is not surprising, since the potential structure is 

L 

.001. 
-30 -20 -13 0 10 20 30 40 50 60 70 

e (OEG) 

Fig. 4. Normalized reflected ion current density as a function or 
angle IO the surface normal. I, is the ambient plasma stream current 

SUrf.CC density. 
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Fig. 5. Schematic of incident and reflected ion trajectories. Angles 
are measured with rapcct to the surface normal of the thermal blank- 
et sample. The trajectories 1 and 2 indicate the angla of the FWHM 
positions of the distribution shown in Figure 4. 

similar to that of an RPA. However, experiment 1 also shows 
that the ions coming o f  the surface would have been specu- 
larly reflected rather than scattered and would have approxi- 
mated parallel flow. The predictions of Kart and Davis (198Tj 
are inconsistent with this rault .  

During experiment 2, repeated attempts were made to ob- 
serve secondary ion streams. After an initial null r au l t  for 
conditions approximating those of experiment 1. the current 
density of the incident plasma stream was increased so [hat it 
exceeded that of the rammed ionospheric plasma, the angle of 
attack of the DIFP to the stream was varied over a wide 
range (fa'), and the potential applied to the wire mesh 
covering on the sample was varied from zero to -SO V. In no  
case were any reflected. secondary ions measured-only the 
incident ion stream. Since this range of conditions exceeds 
those for the flight measurements, we can conclude that if any 
reflection of ions did, in fact, occur at the PDP, it would not 
have been possible for them to be detected by the RPA/DIFP 
instrument as it was configured for the STS 3 and Spacelab 2 
missions. It is apparent from geometric considerations that 

P 7 
Fig. 6. Reflectd ion current as a function of potential on the wire 

m a h  covering of the PDP thermal blanket. Angle of inadena waa 
fixed at - 3 0  to the surface normal. 

this would be the case if ions were specularly reflected as 
suggested by experiment I. 

CONCLUSIONS 

predict the possibility that ions could have been reflected from 
the PDP's surface during the STS 3 and Spacelab 2 missions, 
they are incorrect in their more specific claim that the ions 
were scattered from the PDP's surface, and in their appli- 
cation of this mechanism to the STS 3 results. While the ' 

superficial agreement makes such an  application tempting, a 
more thorough look reveals that the conditions for which the 
computations are valid agree only sporadically with the much 
wider range of conditions under which the measurements were 
made. In short. the conditions on, and predictions of, the com- 
putations simply d o  not agree with the measurements and the 
conditions under which they were made. Specifically, this is 
shown by the fact that ( I )  the secondary stream intensity was 
independent of the value of the P D P  potential and the streams 
existed when the P D P  potential was near zero and much less 
negative than required by the computations of Karr and Davis 
[ 19871, (2) typically two secondary ion streams were found to  
exist-one on either side of the rammed ion stream, (3) when 
only one stream was observed. it was always on the opposite 
side of the instrument normal from the ram current, (4) the 
secondary ion stream intensity varied with distance from the 
orbiter and vanished at  one point when the P D P  was in the 
unobstructed rammed ionospheric plasma, and (5 )  the second- 
ary ion streams exhibited a direct dependence on  the density 
of neutral particles. 

Laboratory experiments conducted with the PDP therma 
blanket material and the flight RPA/DIFP instrument sh 
th8t ions can only be reflected when a negative potential 
several volts or greater exuts between the thermal blankets' 
win m a h  covering and the plasma, and that when any rcflcc- 
tion d o a  occur. it is specu1.r in natura and results in a n a r l y  
parallel outflow. Without scattering, the application of a sur- 
face reflection mechanism to explain the pnviowly  reported 
high-inclination secondary ion streams observed during the 
STS 3 mission seems highly doubtful. Moreover, the labora- 
tory experiments discussed above indicate that the specularly 
reflected ions are unable to  k observed by the D I F P  instru- 
ment as configured for the STS 3 and Spacelab 2 missions. 

In summary, wc condude that the scattering mechanism 
proposed by Karz and D8vir d o a  not explain the STS 3 
mwuremcnts. It is contrary to the example CPICS reponed to  
date and does not explPin 8 number of UUQ that occurred 
under more complex conditions. Morcovcr. it is contrary to  
the results of detailed laboratory experiments designed to  de- 
tennine the effects of the PDP surface on the surrounding 
plasma When all aspects of the STS 3 measuremenu (includ- 
ing the observation of broadband radiation and elevated 
plasma densities and temperatures as well as the secondary 
ion streams) are considered in the context of the large extent 
of outgasing by the orbiter, the complex interaction between a 
hypersonic neutral gas cloud and a magnetoplasma as sug- 
gested in the work by Srone cr al. [1986] still seems to be the 
most consistent explanation. 

While the results of Karz and Davis [I9873 may correctly- 
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Among the invertigations conducted on the space shuttle Bight STS 3 of March 1982 WM 

an experiment in which a I-keV. 100-mA electron gun WM puled  at 3.25 and 4.87 kHz. The 
resultant waves were measured with a broadband p l u m  wave receiver. At  the time of Bight 
the experimental setup WM unique in that the electron beam WM q u u c  wave modulated and 
that the shuttle offend relatively long timer for in situ meaaurementa of the ionospheric p l ~ ~  
M~OIIIC to the VLF pulsing sequences. In addition to electromagnetic resporue at the pulsing 
frequencies the waves exhibited varioua spectral harmonia M well M the unexpected occurrence 
of "satellite lines" around those harmonics. Both phenomena occurred with a variety of diflerent 
characteristics for different puling sequencer. 

1. INTRODUCTION 

Many different electron beam experiments have been un- 
dertaken with rockets and spacecraft in recent years for a 
variety of purpoaes. The  pioneering work of Hem [1969], 
for example, demonstrated tha t  i t  was possible to create an 
artificial aurora in the upper atmosphere with a relatively 
low-power electron beam. Later work by Winckler and his 
colleagues [ Winckier, 19801 showed that it was possible to 
use rocket-borne electron beams to  probe successfully the 
structure of the magnetosphere. Other rocket-borne elec- 
tron beam experiments have investigated electrical charging 
phenomena [e+, Maehlum et ai. 19801, made measurements 
of ambient electric fields at geosynchronous orbit [Melmer et 
al., 19781, and been rtudied as sources for ELF and VLF ra- 
diation arising from modulated beam operation [ Cendrin, 
1974; Holsworth and Koona, 1981; Winckler et al., 1984 
1985]. 

The present paper reports the results from low-frequency 
electron beam pulsing experiments made on the space ahut- 
tle flight STS 3. The objective of this work was to in- 
crease knowledge of the way a pulsed 1-keV, 100-W electron 
beam would interact with the ambient ionosphere to pro- 
duce plasma wavea. From a fundamental point of view, the 
present experiments also investigate the various mechanisms 
operative in converting the kinetic energy of the electron 
beam into various .types of low-frequency plasma waves, in- 
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cluding electromagnetic radiation. In comparison with pre- 
viour rocket experiments, the rhuttle offered a much more 
extended time period for such operations and, at the lame 
time, permitted obocrvationr in a much wider range of am- 
bient plasma conditionr. The  penalty for uaing thia p l a t  
form, however, is .Ira important to understand: the s h u t  
tle plaama environment is very complex, and the different 
modes of interaction of the beam with the surface of the 
rhuttle and its surrounding diaturbed plasma environment 
are not well known [Sharuhan et al., 19844 Bankr et ai., 
19871. 

The present experiment wan flown on the space shuttle on 
March 22-30, 1982 on the Columbia orbiter as part of the Of- 
fice of Space Science 1 (OSS 1) mission. Through combined 
uae of the Fast Pulaed Electron Generator (FPEG),  which 
was part of the Vehicle Charging And Potential (VCAP) 
experiment, and the varied instruments of the Plasma Di- 
a g n w t i a  Package (PDP) experiment, approximately 1 hour 
of da t a  was acquired showing the plasma response to FPEG 
pulsing at VLF frequencies. These da t a  are the topic of 
the present paper and are described in detail below. The  
objectives and results of the later Space Experiment with 
Particle Accelerators (SEPAC) beam-plasma experiments, 
which were flown on Spacelab 1, were considerably different 
and have been described by Obayaahi et 01. (19821, Aka: 
(19841, Soraki el al. [1986], and Neubert et al. [1986]. 

The FPEG was fully tested, prior to the OSS 1 mission, 
in the Johnson Spaceflight Center vacuum chamber. The  
chamber and experimental setup are described in detail by 
Denig [1982], Banku et al. [1982], Raitt et 01. [1982], and 
Shawhan [1982]. The conditions in the chamber simulated 
the conditions found at shuttle altitudes with two major 
exceptions. The neutral gas pressure was 1-2 orders of mag- 
nitude higher than the 4.3 x torr of the STS 3 ex- 
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periments. In addition, the chamber WM terminated on 
both ends with a grounded conductor. On the shuttle, of 
course, the beam wm frequently unbounded on one end, 
and since the shuttle's.thermd insulating t i l a  are duo elec- 
trically insulating, even when the beam hit a rhuttle surface, 
the boundary conditions were quite different. 

One of the primary results of the chamber experiments 
was the observation of beam plasma d d a r g e  (BPD), which 
was found to occur under almost dl chamber conditions, 
provided the beam current w u  l u g e  enough [Dcnig, 1982; 
Bonks et ol., 1982; h i t :  et d., 19821. On STS 3, however, 
BPD may not have occurred a t  all and certainly w u  not a 
primary effect in the FPEG q n e n c a  with short (<0.2 ma) 
beam emhion t i m a  [Bonk et al., 1987). This is in agree- 
ment with the pndictionr of Bernrtein et 01. [1982], which 
suggested that  BPD should not occur at the relatively low 
neutral gas p r u o u r a  encountered by the orbiter. 

2. EXPERIMElrrAt CONSmERATION 

T h e  Faat P W  ElectrQn Generator h a versatile q u u e -  
pulsed electron beam generator. It w m  nonndly  operated 
with a beam energy of 1 keV and a current of 100 mA for a 
t o t d  berm power of 100 W. On a few OCCU~OM, however, it  
wm also operated at 50 mA to produce a 50-W beam. The  
beam hdf-angle divergence at the FPEG exit im approxi- 
mately 7.5'. T h e  gun direction is fixed with r a p e d  to the 
orbiter, pointing perpendicularly o a t w u d  from the pay iod  
bay. Both the beam on and off t i m a  for the p k  were 
command controllable. The  minimum on or off timea were 
600 M, and the mudmum on timea were 107 a. The beam 
current had a nomind ri# time of 100 IU. E t c h  gun firing, 
or pulsing period, could contain up to 32,768 p b .  Thur  
a wide variety of modulation p a t t e r n  were paaible. 

T h e  primary diagnoatic tool for studying the beam plum. 
interaction waa the University of Iowa Plasma Diagnostia 
Package (PDP)  which contained an uray of senson which 
are described by ShocPhon [1984a, Table 1). T h e  three in- 
strumentr of principal intereat to this investigation were an 
electric field antenna, a magnetic field search coil and a Low- 
Energy Proton and Electron Differentid Energy Andyzer 
(LEPEDEA). T h e  ac .electric field andyzer and magnetic 
field search coil were alternately connected to  a wideband 

receiver which waa sensitive in the range 10 Hz to 30 kHz. 
The LEPEDEA is sensative to electrons and positive ions 
with energ ia  from 2 to 50 eV. During most of the flight 
the PDP waa attached to a pallet in the orbiter cargo bay 
but during two intervals it w a  grappled with the Remote 
Manipulator System (RMS) and moved to selected locations 
outside the payload bay to distances of 15 m. 

Most inrtruments on the PDP were sampled every 1.6 s. 
For the electric and magnetic field antennas, however, a con- 
tinuous recording scheme was used to obtain wideband spec- 
trographic records. The high-resolution spectrum analyzer 
records two sets of da ta  simultaneously in the ranges 10 Hz 
to 1 k H z  (ELF) and 400 Hz to 10 kHz (VLF). The ELF 
band recorder switches between the electric and magnetic 
antennas. The  VLF da ta  recording scheme is more compli- 
cated. It also follows the electric/magnetic switching pat- 
tern, but within each antenna period, three frequency ranges 
are recorded M f o l l ~ ~ s :  400 Hz to 10 kHz for 25.6 s; then 
through frequency shifting and inversion, 19.6 to 10 kHz is 
recorded for 12.8 s; and finally 20.4 to 30 kHz is recorded 
for 12.8 8. To complicate matters slightly more, every fourth 
magnetic antenna recording is replaced by a Langmuir probe 
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recording. (Figure 1 illustrates these sequences.) In the V LF 
range (0-30 kHz), data  were processed into spectrograms 
made up of sweeps occurring every 25 ms, each consisting of 
250 steps of 40 Hz bandwidth and 30 dB of dynamic range. 

T h e  antenna switching pattern is persistent in the data  
and it is important to note that although the data  are taken 
continuously, while one antenna and frquency range is be- 
ing recorded, the da ta  from the other antenna or the other 
f rquency  ranges are lost. Thus  there are no continuous elcc- 
tric and magnetic field da t a  for the entire 400 Hz to 30 kHz 
range. 

It is also relevant that  the wideband receiver has an Au- 
tomatic Gain Control (AGC) which operated independently 
on the ELF and VLF d a t a  ranger. The AGC had a 100-dB 
dynamic range and a responw time of about 0.5 a. Va lua  
are read out  every 1.6 s. It  is set according to the inte- 
grated wave intensity in the frequency range being recorded 
at the time. The  AGC levels provide information about the 
total wave intensity M well as allowing comparison of the 
intensity of emissions in different frequency ranges. 

3. OBSERVATIONS 

The FPEG was operated in several distinct modulation 
patterns during the VCAP experiment on STS 3. The  mod- 
ulation patterns are described in detail by Fmset-Smith et 
al. [1985]. The  sequences we consider here are the VLF elec- 
tron beam pulsing sequences. For these, the beam current 
was set at 100 mA and the gun was pulsed at  two primary 
frequencies: 3.25 and 4.87 kHz. The former had a duty cycle 
( the ratio of pulse on time to total pulse period) of 3 while 
the latter had a 4 duty cycle. A typical VLF sequence con- 
sisted of eight pulsing periods which alternated between the 

e 

two frequenciea rtart ing with the 3.25 IrHz. The detaila of 
thew sequences are given in Figure 2. 

Periodn of VLF beam pulring produced an electromag- 
netic responae which is markedly different from the char- 
acteristic background ~~ igna l r  during pauive conditiona. 
A typical spectrum obtained during piwive conditions ia 
dominated by broadband electroatatic noise and discrete 
spacecraft-generated electromagnetic interference (EMI). 
During periods of VLF pulsing, relatively strong beam- 
generated signalr are detected at levels of up  to 30 d B  above 
the background. [Showhon et ol., 1984b] Both narrowband 
and broadband signals u e  generated. The broadband aig- 
nals are similar to those reported by Curnett et 01. [1966]. 
In this paper we will concentrate on the narrowband signals 
produced by pulsed electron beam emission. A short time 
(n 0.5 s) after the beam pulsing begins, the AGC reduces 
the overall gain, thua ruppreasing the background noise. AI 
Figure 3 i l lur t ra ta ,  what t then obaerved in intensity spec- 
trograms is reduced background noiw with eight pulsing p t  
riodr in which the fundamental firing frequencies and some 
of their harmonics appear M distinct spectral linea. Which 
linea are detectable depends, in part, on which p a r b  of the 
antenna switching pattern the VLF sequence rpanr. 

During the STS 3 mission, broadband spectral data were 
obtained for 48 VLF K g u e n c a  producing approximately 
1 hour of VLF wave stimulation data. For each of these 48 
sequences, discrete emissions were detected at bo th  fundc 
mental pulsing frequencies and at harmonica of those fn- 
quencier. This ir in agreement with the theory that an 
electron beam square wave pulsed at VLF frequencies wil l  
produce discrete emissions at the pulsing frequency and itr 
harmonics which can propagate in the whistler and the slow 
and fast Alfven modes [Horker ond Bonks, 1983,1985] Bow- 
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Fie. 4. A rpectrogam which agaer weU with theory. Narrow-band emhiom M seen at the gua pulsing 
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ever, it cannot be determined if the emiasionr produced by 
the VLF sequences are propagating wavea uring the wide- 
band wave receiver on the PDP because the PDP WM at all 
t i m a  within 15 m of the FPEG and therefore well within the 
near-field region. No qualitative difference WM seen between 
the VLF pulring sequences for which the PDP war in the 
payload bay and sequences for which it WM attached to the 
manipulator arm. In addition, attempts to  detect whiatler 
mode emimiona during magnetic conjunctions from the Dy- 
namia Explorer 1 (DE 1) satellite, at distancea of up to 
several thousand kilometers, did not produce conclusive re- 
sults. (Magnetic conjunction during FPEG operatiom WM 
achieved for 12 c u m ,  but in dl but two of those, the DE 
ratellite wam outside the region of whistler mode propaga- 
tion a determined through ray-tracing techniques. For the 
two other c a a u  the electron beam waa known to have hit 
the STS 3 orbiter within one gyroperiod [Inan et ol., 19841.) 

During the VLF nequenca many other phenomena can 
be seen in addition to the d ix re t e  emimionr a t  the pulsing 
frequencia. A variety of interat ing results can be broadly 
classified under the two categories "harmonic structure" and 
"satellite lines." A third category, which may be related to 
the second, can be called "subharmonio." These will be ex- 
amined in detail below and analyzed in the following section. 

Harmonic Structun 
The VLF wave stimulation experiment produced wave re- 

sponse a t  the gun pulsing frequencies of 3.25 and 4.87 kHz 
and a t  integra  multiples of those frequencies. The  ampli- 
tudes of these harmonic spectral linea varied from one sc- 
quence to another, but they were present in every pulsing 
sequence a t  frequencies up to the 30-kHz limit of the PDP 
wave receiver. The 3.25-kHz firings have nine harmonics 
which fall in the 0-30 kHz range and the 4.87-kHz f i r ing 
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with the humonic spcctrd Liner at the higher frequencia. 

have six. T h e w  frequencies have particularly simple duty 
cycles (ratio of beam on time to total period) of 4 and 4, 
respectively. T h e  choice of these frequencies gives common 
harmonics a t  nearly 9.75, 19.75, and 27.24 kHz. For a pulsed 
electron beam with the given choices of duty cycle, power 
spectrum theory also predicts that  these frequencies (the UF 

called "forbidden frequencies") should not appear for either 
pulsing frequency. 

Figure 4 illustrates a spectrum with a normal harmonic 
structure. I t  WM constructed by taking the broadband da ta  
(M in Figure 3) and ordering it to remove the complexity of 
the antenna switching pattern. Although the 20-30 kHz data  
were not available for this sequence, we see that  there are 
strong emiasionr at the fundamental pulsing frequencies and 
their harmonics and no appreciable signals at the "forbidden 
frequencies." 

In contrast to the predictions of theory, our experimen- 
tal results indicate that in a surprising number of cases, the 
harmonic spectral lines include the "forbidden frequencies." 

Figure 5 shows such a situation. In fact, in approximately 
60% of the VLF sequencer, the 9.75-kHz line WM present 
with an amplitude which ranged from M low aa 30 dB be- 
low the amplitude of the fundamental to caaca in which i t  
WM actually more intense. CMCE of spectra which generally 
include the "forbidden frequencies" and cams which do not 
are seen with both the electric and magnetic antennas, and 
there seems to be little difference in the morphology of the 
response of the two fields. 

Unfortunately, instrumental limitationa complicated the 
complete analysis of the presence of the "forbidden frcquen- 
cia." Sensitivity roll-off a t  the lower end of the recorded 
frequency range maker i t  i m p w i b l e  to meaaure signals near 
19.75 kHz which corresponds to the  sixth harmonic of the 3 
duty cycle puls ing  and the fourth harmonic of the 4 duty 
cycle pulsings. (Recall t ha t  the 10-20 kHz b+d L inverted 
for recording.) The  signals near 9.75 and 27.24 kHz have no 
such difficulty since the instrument waa sensitive to within 
a few hertz of 10 kHz. T h e  lines at 27.24 kHz, which are the 
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ninth harmonic of the 4 pulsings rad the sixth harmonic of effect of this line is to make it  difficult to determine if t he  
the 4 pubings, are, however, obscured by an interfering sig- harmonics a t  27.24 are present or not. Thur  we are limited 
n d  probably pmduced by the FPEG power converter. Thir  in our s t u d i a  of “forbidden frequencies” to the signals a t  
EM1 b detectable with both the electric and magnetic an- 9.75 kHz. 
tennar when the PDP ir atoned on the OSS 1 pdlc t  and ir Figure 6 shows the relative amplitude of the spectral com- 
detectable pr imui ly  with the magnetic antenna when the ponents observed with the electric and magnetic antennas. 
PDP b deployed on the m d p u l a t o r  a m .  The principd The  plots were constructed by splitting the 3O-kHz band 
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ratellire lines of both higher and lower frequency Y in the Hcond rpcctrogram in the lower harmonia of pulsing 
perioda 1-4, and broadened line emiasionr M seen in the second and third apectmgauu a& variow harmonia. 

into one hundred 300-Hz bands and averaging the contri- 
butions from seven typical sequences. Many of these se- 
quences had satellite lines (described later), which accounts 
for the apparent broadening of the lines. We also note that 
t he  broadband receiver provides only relative amplitudes be- 
tween similar antennas: the electric and magnetic relative 
amplitudes cannot be compared with each other, although 
one electric or magnetic spectrum can be compared with an- 
other like spectrum. Further, the amplitudes at  27.24 k H z  
must be considered a n  estimate because of the presence of 
EMI. Within these limits of interpretation we see that the 

averaged amplitude of the spectral components generally de- 
c r e w  slowly with increzming frequency and that  there io 
significant decrease in amplitude at the “forbidden frequen- 
cia.” The  fact that  there is a response at those frequencica 
indicates the presence of VLF sequences which have lines at 
the “forbidden frequencies.” 

Satellite Linea 

Another interesting and unexpected phenomenon o b  
served in the STS 3 broadband VLF da ta  obtained during 
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F P E G  pulsing sequences WM the  presence of Ysatcllite lines” 
situated near the various harmonic spectral lines. To our 
knowledge, this is a previously unobserved effect. It is char- 
acterized by one or more emissions separated in frequency 
from the harmonic spectral lines produced by the pulsed 
electron beam. The separation can range from 100 Hz to 
over 1 kHz. satellite lines were detected in 26 out of 48 
sequences. In seven of those 48 c w s ,  measurements in the 
20-30 kHz frequency range were not obtained. Since satellite 
lines are mort frequently observed in the 20-30 kHz range, 
no conclusions can be drawn for t h e  seven cases. 

T h e  most common type of satellite line is a single sub- 
sidiary line which is higher in frequency than i ts  primary. 
Figure 5 shown a typical spectrum with a single satellite 
line of higher frequency aawciated with some of the  har- 
monic spectral linen. Of t he  26 sequencen with satellite lines, 
10 were of this type. They occur mainly in  t he  20-30 kHz 
range but are a h  oeen between 10 and 20 kHz and, rarely, 
in the 0-10 kHz range. In general, dl satellite lines in a 
given obaervationd period have the  name frequency separa- 
tion from their associated harmonic linen for each harmonic. 
There are, however, notable exceptions. T h e  strength of the  
satellite linea L ala0 highly variable. It u intriguing to note 
tha t  the ratcllite linea occur M m a  M the  firing is  detected, 
which b inrtantaneour within measurement limitations: no  
buildup ia detected. The  satellite l i n a  also disappear, with 
the primary lines, when the  gun b turned off. 

Figure 7 shows some of the  other varieties of satellite lines. 
Of theme, the m a t  common are satellite lines of both higher 
and lower frequency. Sometimes several pairs of satellite 
linea wiU surround a given harmonic. Another variation is 
the presence of a narrow noise band around the  primary 
spectral lines. Intensity maxima and minima may indicate 
the development of satellite lines but the  lack of sufficient 
c a s s  malres this uncertain. It is also possible to have narrow 
bands and distinct lines around the same primary line. 

An even more unusual case of the presence of spurious 
emissions in e n  in Figure 7b during the pulsing periodr 
labeled 3 and 7. At those times, .Figure 7b  shows one of 
two sequences in  which “half integral harmonics” were seen. 
It is not thought that  these are satellite lines with large 

frequency separation in part because these lines change in 
intensity during a firing. 

In passing we note that a variable frequency emission as- 
sociated with enabling high voltage to the FPEG is also seen 
prior to electron emission. This emission is seen, for exam- 
ple, in Figure 7 at the point marked “FPEC enabled” and 
between 800 and 900 Hz in Figure 9 prior to the  appearance 
of subharmonics. I t  is fairly common and is associated with 
enabling of the FPEG filament high voltage before a puls- 
ing sequence begins. It generally appears in the magnetic 
antenna. Since these emissions are clearly instrumental in 
origin and d o  not appear to be related to any of the other ob- 
served features, they have not been the subject of extensive 
investigation. 

Figure 8 shows the distribution of the frequency separa- 
tion (Af) between a satellite line and i ts  primary. Several 
features are evident. First, cases which have satellite lines 
at higher frequencies (A f > 0) are more common (par- 
ticularly a t  400 Hz). T h e  most common separations have 
70 Hz 5 lA/l 160 Hz. Separations this small d o  not a p  
pear as distinct lines on the spectrographic films but, rather, 
as broadened dark lines. Amplitude scans of the  d a t a  ob- 
tained from analysis of the original magnetic tapes d o  reveal 
signals a t  these frequency separations. We note also tha t  for 
those separations, there is almost always a pair of lines with 
one higher and one lower in frequency than the primary. 

Subharmonic8 
A third type of emission feature haa been identified in the 

0-1 kHz (ELF) broadband da ta  which waa recorded simulta- 
neously with the 0-30 kHz (VLF) data. For want of a better 
name, we have termed these “subharmonid”’ They are il- 
lustrated in Figure 9 along with the same sequences seen in 
the 0-30 kHz range. The  subharmonics, like the  harmonic 
spectral lines, are narrowband, begin and end with the puls- 
ing period, and have reasonably constant amplitude during a 
pulsing period. Several features are striking. First, we note 
that the frequency of the subharmonics decreaau with time. 
T h e  rate of decrease is of the  order of 1-2 Hz/s. (No c o r m  
lation was found with the fractional change per unit time of 
the  subharmonic frequency and the STS 3 orbital environ- 
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Fig. 8. The distribution of frequency reparation. A f , between a primuy spectral line and ita satellite line ia 
shown. The number of c r r u  referr to the total number of lines with such a Kpua&ion, no& the number of puLiry 
perioda. - 

ment parameters, however.) At least six acquencea, includ- 
ing two of those of Figure 9, dearly display pairs of subhar- 
monics. Regardlear of the frequency of the subharmonic or 
the frequency of the fundamental, the higher-frequency s u b  

armonic spectral line is twice the frequency of the lower. 
is leads us to  conclude that the higher frequency linea cp re the second harmonic of the lower. A third harmonic or 

higher WM never observed. Since spectral linea at the p u b  
ing frequencia are not observed to drift in frequency, the 
ratio of pulsing frequency to subharmonic frequency is non- 
integral and time varying. Further, the ratio of the pulring 
frequency to the subharmonic ELF frequency ir different for 
the 3.25- and 4.87-kHz firing. 

4. DISCUSSION 

Harmonic Structurr 

Harker and  Bo& [1983, 19851 presented a simple model 
for the far-field radiation expected from a pulsed electron 
beam in a magnetized plasma. Thb theory p n d i c k  that  the 
beam will radiate at the pulring frequency and at harmonica 
of that  frequency in the whhtler and the dow and faat AlfvCn 
modes. Harker and  Bo&, [f986]later expanded that  work 
to  include contributions from the near field as well. In both 
caws, the power in the fields for each harmonic n was found 
to be proportional to the term sin2(nr(b/d)) where b/d ia 

3 
W 

0 

Fig. 9. Spectrograms, with antenna rwitching pattern included, are shown in (a) the ELF (&IO k"r) and (b) 
the VLF (0-30 kHz) ranges. Good correlation between the frequency of the rubharmonica in Figure Qa a d  the 
frequency separation of the satellite line in Figure 9b is illurtrated. At  the points marked A, B, and C the 
rubharmonic frequencies M 330, 250, and 163 Hz, respectively. The frequency mqmratioa of the ..tallite linm 
from the harmonia of the pulsing frequencies a t  those pointm M 330,267, and 150 HI. 
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Fi8. 10.. The range of return current collected by the CP1 instrument is shown for each sequence which had 
r i d e h d  data in the 20.30 kHs frequency range of the electric antenna. Seguencc number ir M they occurred in 
time d w i q  the miuion and &odd be conridered schematic. 

the duty cycle of the pulse. T h e  expected amplitude of the 
harmonia  i. considerably more complicated and the reader 
is referred to  their papers, but one feature is quite striking. 
For integral n(b/d , the amplitudes go to zero. Thus, as in 
Figure 3, for the f duty cyde  firings (3.25 kHz) the third, 
sixth, and ninth harmonia  should be missing, and for the 4 
duty cycle (4.87 kHz) all the even harmonics should vanish. 

For both fundamental pulsing frequencies, the vanishing 
ha rmon ia  correspond to 9.75, 19.75 and 27.24 kHz, hence 
the term Yorbidden frequencies." These frequencies are, of 
course, forbidden only for our particular choice of pulsing 
parameters and are a r u u l t ,  in part, of the Fourier decom- 
position of the given waveform. An Figures 4-6 indicate, 
our da t a  conformed with theory in many c- but deviated 
from that theory for the majority of VLF sequences. 

Effortr have been made to  i w l a k  the physical factors 
which give rise to the preaence of unexpected harmonics. 
However, no correlation waa found between the amplitude 
of the harmonics and the best eatimated trajectory (BET) 
environmentalgaruneten, which include the magnetic field 
vector, the ram (or antivelocity) vector, altitude, latitude, 
longitude, L shell, and a day/night parameter. In addition, 
there were the calculated variabla such as electron beam 
column radius ( e k t r o n  gyroradius), the electron beam col- 
umn center to  detector distance, the VxB vector, and a 
shuttle hit/- parameter. T-variable scatter plotr were 
made for each pair of parameters and sequences with par- 
ticular spec t rd  characteristics given different symbols to de- 
termine if there was a preferred region of, or trajectory in, 
parameter space which contained the acquencu which con- 

a formed to  theory and another region, or trajectory, which 
contained those which did not. Due, in part, to the fact that  
many parameters covered only a small part of their total pos- 
sible range, the results were ambiguous, and no correlations 
could be found for any of the above mentioned parameters. 
We can conclude, then, that  the factor controlling the preb  
ence of lines at the "forbidden frequencies" is variable but 
is not a simple function of the orbiter environment. 

We have also investigated the pwibi l i ty  that the v a r b  
tion in harmonic structure arises from an instrumental ef- 
fect. However, the lack of any correlation between primary 
signal intensity and presence of the forbidden harmonics ar- 
gues strongly against this possibility. A more likely possibil- 
ity is a degradation of the electron beam radiation condition 
such that the aasumption of beam coherence used by H a r k  
and Bankr, [1983, 1985, 19861 is violated. If, for exam- 
ple, each pulse radiated only at  the leading or traiiing ends, 
the spectrum obtained would contain uniform harmonia of 
equal amplitude. Work is now proceeding to extract the 
phase information from the spectrogram in an attempt to 
reconstruct the effective radiating portion of the pulse and 
to determine what parameters would change the effective 
pulse shape. 

Satellite t ines and Subharmonics 

We have grouped satellite l i n a  and subharmonics under 
the same section at  this point because we have reason to be- 
lieve that the presence of subharmonics and the presence of 
satellite lines are related to the same physical phenomenon, 
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Fig. lob. The rame M Figure 10a but for mequenca which had wideband &&a in the 20-30 kHt h q u m c y  range 
of t h e  magnetic amtenna. a 

and it becomes redundant to discuss them separately. Out  
of 43 VLF sequences with complete (ELF and VLF) data,  
19 sequences had neither satellite lines nor subharmoniw 
while 18 had both satellite lines and subharmonics and 
only six had either satellite lines or subharmonics but not 
both. Of the 18 sequencea with satellite lines and subhar- 
monics, 13 had subharmonics with frequencies comparable 
to  one or more frequency separations for the satellite linea 
(Af = f , = b ) .  It  should be noted tha t  of that  13, nine had 
additional satellite lines or subharmonics with no counter- 
part. To complete the inventory, five squences  had satellite 
lines and subharmonics but A/ # flub. Further evidence 
of the relationship between satellite lines and subharmonics 
is seen in Figure 9. Comparing three points in the series of 
firings (labeled A,B, and C in Figure 9) we find subharmonic 
frequencies of 330, 250, and 163 Hz, respectively. (All with 
an error of A10 Hz.) For the satellite lines, we find that the 
difference frequencies (A/) at  the same points are 330, 267, 
and 150 Hz (all f 3 3  Hz). The agreement is quite good but 
can not be compared for all sequences becauae of complica- 
tions arising from the VLF antenna switching pattern. The  
ELF wave da ta  are continuously displayed for 0-1 kHz, but 
the VLF antenna switching provides d a t a  in the 20-30 kHz 
range, where satellite lines are most commonly observed, 
only for one quarter of the time. Thus  the full temporal 
development of the satellite lines cannot be observed. 

Examination of da t a  from the VCAP current probes and 
e LEPEDEA indicates that  the orbiter electrical return 

current is involved in the interaction. Figure 10 shows the 
da ta  from the current probe 1 (CPl). The ordinate is the 
peak current measured in each sampling period of 17 ms. 
The area of the detector is 0.05 m2 and the current is mea- 

e 

sured in microamperes. T h e  saturation d u e  for the detec- 
tor w u  85 PA. The  C P l  values shown h e n  indicate the peak 
flux of electrons minus ions collected on the  detector surface. 
The bars in Figure 10 indicate the range of peak currents 
detected during one pulaing sequence with shaded b u r  indi- 
cating sequences with satellite lines. We that  for times 
when the pulsing sequence overlaps the times when the 20- 
30 kHs range is monitored, satellite lines tend to occur for 
relatively low v d u a  of the return flux of clectzo'op. memured 
by CP1, which is located next to  the FPEG. There is no cor- 
relation with the current collected by CP2, which L located 
several meters away from the FPEG on the opposite side of 
the OSS 1 pallet. (See Figure 11.) T h e  current collected at  
this probe a p p e u r  to  be controlled by ambient p l u m a  flow 
which in, in turn, controlled by the at t i tude of the orbiter, 
the orbiter plasma environment, and the orbiter-pluma p+ 
tential. Figure 11 shows the relative poritionr of the FPEG, 
PDP, and the C C P  1 and C C P  2 instruments. The  projec- 
tion of the beam column onto the plane of the payload bay is 
also shown shaded for a typical magnetic field configuration. 

In contrast to the current probes, the LEPEDEA tended 
to measure larger fluxes of hot electrons at times when satel- 
lite lines were observed. The  PDP w u  located 1.55 m away 
from the FPEG on the forward part of the OSS 1 pallet, 
and electrons did not reach it by following unperturbed he- 
lical trajectories. If the electrons spread along the mag- 
netic field direction, the helix becomes a cylindrical shell 
with its axis along the magnetic field. We were surprised 
to find that our analysis indicates that  the P D P  WM out- 
side thio beam column for all the VLF sequences for which 
the PDP was mounted in the payload bay. (When the P D P  
was on the manipulator arm, i ts  position w u  not known.) 
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Fig. 11. The rektivepaaitionaof the Faat Pula& Electron G e n e  
ator, the PI- Diagnaatica Package, and the charge and curtent 
probes. A h  ahown aa a shaded ellipse ir the column formed by 
the gyromotion of the electron beam projected onto the plane of 
the payload bay for a typical magnetic field strength and dira- 
tion. 

There does not appear to be any correlation between di* 
tance to  the beam column and the presence or strength of 
satellite lines. We conclude then that the LEPEDEA does 
not metuure freely escaping beam electrons but rather ener- 
getic electrons coming from collisions, coulombic expansion 
of the beam, or some undetermined instability which drives 
e lktrons perpendicular to the magnetic field. This occurs 
a t  the same time that  the number of electrons traveling to- 
ward the FPEG, M measured by C C P  1, is reduced. Hence 
we are led to rurpect a procesr which reduces the number 
of electrons scattered back along the field lines and scatters 
them, instead, perpendicular to the field linea. These resulk 
indicate a rtrong beam plasma interaction. 

We have taken care to  avoid calling the satellite linea 
"sidcbanda," which would imply conventional mechanisms 
such M amplitude or frequency modulation, linear beating 
with an undetected frequency, or mme aliasing mechanirm. 
We have considered these mechanismr but have found that  
none can explain the complexities in the d a t L  T h e  electron 
beam wm modulated in a simple p u l e d  mode producing a 
square wave modulated current source. If there is any co- 
herent amplitude or frequency modulation of the source, it  
would necessarily imply a beam plrrmr interaction. Both 
the linear beating and the aliaaing pomibilities are unlikely 
becawe the VLF and ELF wave receiver chsnnelr are i n d e  
pendent and have separate cutoff fdtem. We believe that  the 
correlation between the frequency separation of the satellite 
linea and the frequency of the subharmonia rules out those 
processen. Further, aliasing would not account for the grad- 
ual drift in frequency of the r a t a t e  lines and subharmon- 
ics. We rule out Doppler rhift for the simple reason that 
the source and the receiver are comoving. If any additional 
argument WM needed, one could note that Doppler shifting 
would not produce subharmonics through any linelu mccha- 
nism. The  pomibi&ty of problems caused by the heterodyn- 
ing of the dgnd WM h conaidered because the satellite 

lines occur most often in the 10-20 and 20-30 kHz  bands 
which ace heterodyned by the broadband receiver down to 
the 0-10 kHz range. The fact that  the subharmonics a p  
pear for the duration of a pulsing sequence argues against 
this possibility. The ELF channels are not heterodyned and 
are subject to only the electric/magnetic switching pattern. 
Further, aliasing would not account for the gradual drift 
in frequency of the satellite lines and subharmonics. We 
have been unable to determine any other instrumental ef- 
fect which could satisfactorily explain the presence of these 
emission features. 

A possible explanation may be that under certain condi- 
tionr, the electron beam creates a hot plasma environment 
in the payload bay and any one of the many orbiter instru- 
ments could induce a periodic disturbance in that  plasma 
which could then interact, in an undetermined manner, with 
the beam-generated signals. This possibility is given added 
weight when one notices the presence of satellite lines with 
Af = 400 f 33 Hz in three VLF sequences around a te 
tal of 20 individual primary lines and that the -\C power 
available on the orbiter was at  400 Hz. It should be noted 
that although a subharmonic at  approximately 400 Hz w a s  
detected for each of those three VLF sequences, no sub- 
harmonic near 400 Hz was detected in any of the 40 other 
sequences. 

5. CONCLUSIONS 
In summary, our primary observation was the existence 

of a narrowband electromagnetic responae detected a t  the 
pulsing frequencies of 3.25 and 4.87 kHz.  In addition, nar- 
rowband lines were seen at  harmonics of those frequencies. 
The  harmonic structure often deviated from predictions, but 
the causes for those deviations are, Y yet, unknown. An- 
other prominent feature which was frequently observed in 
the spectra was the presence of 'satellite lines" which appear 
to be related to the presence of energetic electrons around 
the PDP as meuured by the LEPEDEA and a correspond- 
ing decrease in current flow to the orbiter near the FPEG. 
"subharmonics" were observed during VLF s q u e n c a  a t  
frequencies far below the fundamental pulsing frequencies. 
There is statistical evidence that they are part of the same 
phenomenon which produces the '%atellite lines." The exact 
nature of that  phenomenon and the cause of the deviation 
of the primary harmonic structure from theory are areas of 
ongoing research. 
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ABSTRACT --- 
The P l a s m  D i a g n a a t i c s  Package p r o v i d e s  a conprehens ivr*  se t  of m a s u r e -  

n e n t s  a b o u t  t h e  9 r b i t e r  e n v i r o n n e n t  by p r o v i d i n g  i n f o r n a t i o n  a b o u t  i p n  ond 
e l e c t r o n  p a r t i c l e  d e n s i t i e s ,  e n e r g i e s ,  and s p a t i a l  d i s t r i b u t i o n  f u n c t i o n s ;  
sbou: i o n  inass for i d e n t i f i c a t i o n  of p a r t i c u l a r  r i o l e c u l a r  i o n  s p e c i e s ;  and  
a b o u t  m a g n e t i c  i i e l d s ,  e l e c t r i c  f i e l d s  acd  e l c c t r o n a g n e t i c  waves o v e r  il 
b r o a d  f r e q u e n c y  range .  S h u t t l c  e n v i r o n m e n t a l  n e n s u r e m e n t s  w i l l  be nade  both  
on t h e  p a l l e t  and, by use of t h e  Renote Eianipu!.ator Sys t em (RIG), t h e  PDP 
w i l l  be r a n e u v e r e d  i n  and  e x t e r n a l  t o  t h e  bay a r e a  t o  c o n t i n u e  e n v i r o n n e n t a l  
n e a s u r e n e n t s  end t o  c a r r y  on a j o i n t  plasma e x p e r i n e n t  w i t h  t h e  Utah S t a t e  
U n i v e r s i z y  Fast-Pulsed Electrori G e n e r s t o r  (FPEG). 

R e s u l t s  of  O r b i t e r  e n v i r o n m e n t  EPII mci i surenents  aiid S-band f i e l d  
s t r e n g t h s  as w e l l  as  p r e l i m i n a r y  r e s u l t s  from wake s e a r c h  o p e r a t i o n s  
i n d i c a t i n g  wake boundary  i d e n t i f i e r s  w i l l  be  r e p o r t e d .  An e v a l u a t i o n  o f  t h e  
se of t h e  RMS and PDP l a t c h  down and g r a p p l e  mechanism w i l l  be d i s c u s s e d .  

Compar i sons  of r e s u l t s  w i t h  t h e  FPEC e x p e r i n a n t s  condricted on t h i s  
* 

f l i g h t  w i l l  be nade  w i t h  r e s u l t s  Pron a si izilar e l e c t r o n  bear.1 e x p e r i n e n t  
c o n d u c t e d  d u r i n g  N a r c h  1381 i n  t h e  l a r g e  vacuum c h a n b e r  a t  J o h n s o n  Space  
Center. 

On :he OSS-! p o y l c a d ,  t h e  Plasna D i a g n o s t i c s  Package (PDP) i s  a f i r s t  
g e n e r a t i o n  set  of  i n s t r u m e n t s  t o  a s s e s s  t h e  plasma e c v i r o n n e n t  and thc 
p l a s c a  wake c r e a t e d  by t h e  O r b i t e r ,  t o  tes t  t h e  c a p a b i l i t i e s  of  t h e  Kenote  
t l a n i p u l a t o r  Sys t em (RHS) and t o  c a r r y  o u t  a n  a c t i v e  bean-plasma e x p e r i m e n t  
i n  c o n j u n c t i o n  w i t h  t h e  F a s t  P u l s e  E l e c t r o n  G e n e r a t o r  (FPEC) of t h e  V e h i c l e  
C h a r g i n g  2nd P o t e n t i a l  Expe r imen t .  T h e s e  o b j e c t i v e s  a r e  i l l u s t r a t e d  i n  
F i g u r e  1. The PDP i n s t r u m e n t a t i o n  arid measurement raugas a re  l i s t e d  i n  
T a b l e  1. T h e s e  nensure inents  i n c l u d e  e l e c t r i c  and n a g n e t i c  f i e l d s ,  plasrna 
u a v e s ,  e n e r g e t i c  ions  and e l e c t r o n s  and plasrna p a r a i ? e t e r s - - d e n s i t y ,  
c o m p o s i t i o n ,  t e m p e r a t u r e  and d i r e c t e d  v e l o c i t y .  

INDUCED ENVIROMIENT :’EASUKEHENTS 

The P3P is o p e r a t e d  b o t h  l a t c h e d  o n t o  t h e  OSS-1 p a l l e t  and a t t a c h e d  t o  
t h e  RilS. On t h e  RttS, t h e  PEP i s  p o s i . t i o n e d  and r o t a t e d  t h r o u g h  sets of  0 
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prep lanncd  "au tonode"  t r a j e c t o r i e s .  As t h e  PDP i s  moved i n  and a r o u n d  t h e  
O r b i t e r  bav ,  n e a s u r e m e n t s  a re  made of t h e  ambien t  p r e s s u r e  and of t h e  
spec t rum of  e l e c t r o m a g n e t i c  i n t e r f e r e n c e  ( E M )  g e n e r a t e d  by t h e  O r b i t e r  
suhsys te rns .  These  p r e s s u r e  p r o f i l e s  i n  time and  i n  d i s t a n c e  f rom t h e  
O r b i t e r  a r e  o f  i n t e r e s t  f o r  i n s t r u m e n t s  s e n s i t i v e  t o  g a s e o u s  c o n t a n i n a t i o n  
and  f o r  i n s t r u m e n t s  w i t h  h i g h  v o l t a g e  power s u p p l i e s .  Upper l i m i t s  t o  t h e  
l e v e l s  of  El11 e x p e c t e d  from t h e  O r b i t e r  a r e  shown i n  F i g u r e  2 i n  cornpar i son  
t o  t h e  PDP r e c e i v e r  r a n g e s  and t o  t h e  OSS-1 p a l l e t  n o i s e .  The s e n s i t i v i t y  
o f  wave r e c e i v e r s  and of p l a s n a  s o u n d e r s  t o  h e  f lown  on f u t u r e  S p a c e l a b s  
w i l l  b e  d e t e r m i n e d  by t h e s e  O r b i t e r  E!lI l e v e l s .  

OKEITER UARE 

In t h e  i o n o s p h e r e ,  t h e  O r b i t e r  moves a t  s u p e r s o n i c  v e l o c i t y  compared t o  
t h e  c h a r a c t e r i s t i c  plasma (ion a c o u s t i c )  sound speed .  The tlach number i s  
a b o u t  6 ( 2 ) .  C o n s e q u e n t l y ,  t h e  O r b i t e r  c r ea t e s  a p lasma wake wh ich  may be 
i d c n t i € i e d  bv plasma d e p l e t i o n ,  e n e r i ( i z a t i o n  of  p a r t i c l e s  and  t h e  c r e a t i o n  
of A l f v e n  waves b e h i n d  t h e  O r b i t e r .  Thcse  p r o c e s s e s  are t h o u g h t  t o  be 
i n p o r t a n t  as  b o d i e s  move t h r o u g h  p l a s n a s .  Ev idence  e x i s t s  t h a t  Alfven  waves 
beh ind  t h e  .Jovian noon Io  acce lera te  pa r t i c l e s  which  came  t h e  d e c a n e t r i c  
r a d i o  n o i s e  b u r s t s  ( 3 ) .  RflS t r a j e c t o r i e s  have been d e s i g n e d  t o  nove  t h e  PDP 
t h r o u g h  t h e  wake boundary  a t  p r e f e r r e d  p o i n t s  i n  t h e  o r b i t .  The Lon !lass 
S p e c t r o n c t c r ,  K c t a r d i n g  P o t e n t i a l  A n a l y z e r  and A C / W  e l e c t r i c  f i e l d  p r o b e s  
a b o a r d  t h e  PUP w i l l  he  used  t o  h e l p  i d e n t i f y  c h a r a c t e r i s t i c s  of the wake 
d e p l e t i o n  r e g i o n ,  wake boundary  and  t h e  s h o c k ,  \/hen t h e  PDP f l i e s  a g a i n  on 
t h e  Space lah -2  m i s s i o n  as a s u b s a t e l l i t e ,  t h e  wake w i l l  be  examined o u t  t o  
20 kn b e h i n d  t h e  O r b i t e r  ( 4 ) .  

PDP/VCAP JOINT ELECTRON BEX'I EXPECI!tEr:T - -- 
The a c t i v e  e x p e r i m e n t  o €  f i r i n g  an e l e c t r o n  beaci i n t o  a p l a s n a  h a s  been 

c a r r i e d  o u t  i n  a niinber  of l a b o r a t o r y  and s o u n d i n g  r o c k e t  e x p e r i m e n t s  ( 5 ) .  
T h e s e  e x p e r i m e n t s  have  made u s e  of t h e  e l . c c t r o n  b e a n  t o  create  a r t i f i c i a l  
a u r a r a ,  t o  e x c i t e  p l a s m  waves ,  t o  sound n a R n c t i c  f i e l d  l i n e s  f o r  e l e c t r i c  
f i e l d s  and t o  c x a u i n e  t h e  cliarginf!, l i r h t  e n i s s i o n  and o t h e r  p l a s n a  
p r o p e r t i e s  i n  t h e  v i c i n i t y  of  t h e  e l e c t r o n  s o u r c e .  In p l a n e t a r y  and  
a s t r o p h y s i c a l .  s i t u a t i o n s ,  i t  i s  t h o u g h t  t h a t  enerfzetic p a r t i c l e  streams l e a d  
t o  a v a r i e t y  of r a d i o ,  l i g h t  and x-ray e n i s s i o n s  wh ich  i s  our  o n l y  s o u r c e  of 
i n f o c n a t i o n  a b o u t  t h e s e  d i s t a n t  e n t i t i e s .  I l i t h  OSS-1 ,  t h e  F a s t  P u l s e  
L l e c t  ron G e n e r a t o r  (FPEC') of  t h e  VCAP e x p e r i m e n t  p r o v i d e s  t h e  e l e c t r o n  bean ;  
e f f e c t s  i n  t h e  plasna a rc  measured w i t h  t h e  Plasna D i a g n o s t i c s  P a c k a t y  
( p u r ) .  

4 p e r s p e c t  i v c  v iew of t h e  OSS-I bean-plasma e x p e r i m e n t  is shown i n  
F i g u r e  3 .  T h e  FPCC: f i r c i s  bean of e l e c t r o n s  a t  an a n g l e  t o  t h e  e a r t h ' s  
n a p e t i c  f i e l d  l ine  d e t e r n i n e d  by tile O r b i t e r  p o s i t i o n  and  a t t i t u d e .  
Attachec! t ( J  tlic RiIS, t h e  P E P  is r*ovr?d b#zc.k a n d  f o r t h  t h r o u g h  t h e  bean r e g i o n  
to neasure t ' i c l d s ,  waves ,  e n e r g e t i c  p a r t i c l e s  and plasna c h a r a c t e r i s t i c s  i n  
t h e  kwan a n d  rf:note i r o n  i t .  

777  



S i n i i l a r  e x p e r i m e n t s  have been conduc ted  i n  l a b o r a t o r y  s p a c e  s i n i l l a t i o n  
c h a n b e r s  (S). Under c e r t a i n  c o n d i t i o n s  a phenoncnon c a l l e d  t h e  b e a r - p l a s m  
d i s c h a r B e  (BPD)  o c c u r s  i n  which t h e  c l c c t r n i i  h e m  i s  d e s t r o y e d  and t h e  
plasna column i s  e n e r g i z e d  t c  emit i n t e n s e  l i p h t  and r a d i o  waves.  

The BPLl c o n d i t i o n  i s  a p l a s n a  i n s t a b i l i t y  wh ich ,  when s t u d i e d  i n  vacuu12 
chambers ,  i s  found co depend on t h e  v a l u e  cf b e a r  c u r r e n t  and enerKy,  
ambien t  p r e s s u r e ,  m a c n e t i c  f i e l d  s t r e n g t h  -* .d  i n j e c t i o n  ariglcl of  t h e  
e l e c t r o n  bean  w i t h  r e s p e c t  t o  t h e  magnet..c f i e l d .  HPI) i s  c h a r a c t e r i z e d  by 3 
d i f f u s e  bean ,  w i t h  o r d e r s  of n a g n i t u d e  t i i p h e r  l i g h t  i n t e n s i t y  tlian t h e  
e l e c t r o n  bean  i n  a pre-BPD c o n f i g u r a t i o n ,  a s  well  a s  c e r t a i n  e l e c t r i c  f i e l d  
and  e l e c t r o s t a t i c  wave nodes .  P a r t i c l e  d i s t r i b u t i o n  f u n c t i o n s  show 
e l e c t r o n s  w i t h  a s i g n i E i c a n t  s u p r a t h e r m a l  t a i l  which a r e  b e l i e v e d  t o  be t h e  
prime s o u r c e  of i o n i z a t i o n .  

C o n s i d e r a b l e  c o n t r o v e r s y  e x i s t s  ovvr v h e t h e r  HPD can  t a k e  p l a c e  i n  t h i s  
O r b i t e r  beam e x p e r i m e n t  and whe the r  BP'D can be s l K n i f i c a n t  f a c t o r  i n  
n e u t r a l i z i n g  t h e  v e h i c l e  as i t  e m i t s  e l e c t r o n s .  S i n c e  t h e  PDP tias been used  
i n  ground-based  vacuun chamber s t u d i e s  i t  will De a b l e  t o  h e l p  answer  t h e s c  
a n d  o t h e r  q u e s t i o n s  which a r e  of i n t e r e s t  t o  plasma s t u d i e s  done on t h e  
O r b i t e r  i n  t h e  f u t u r e  (6). 

The OSS-1 PDP/VCAP e x p e r i n e n t s  w i l l  i n v e s t i g a t e  o t h e r  i n t e r a c t i o n s  a s  
w e l l .  The c h a r g e  c o n d i t i o n  of the O r b i t e r  i s  t o  be a s s e s s e d  t h r o u g h  
e l e c t r i c  f i e l d  and p a r t i c l e  n e a s u r e m e n t s  w i t h  t h e  PDt' .  Kavc s t i n u l a t i o n  
over a w i d e  f r e q u e n c y  r a n g e  w i l l  be s t u d i e d  by pul .s ing t h e  e l e c t r o n  bean and 
n e a s u r i n p  the e m i t r e d  weve s p e c t r a  w i t h  t h e  PDP. The PDP w i l l  a l s o  be w e d  
as  a n  i n  s i t u  p r o b e  f o r  n a t u r a l  plasma p r o c e s s e s  o c c u r r i n g  a t  t h e  O r b i t e r ' s  
3 t t i t u d e  

0 
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TABLE 1 : OSS-1 PDP ZNSTRUtlENTATZON ANI) MEASUREtlENTS e 
0 LOW ENERGY PROTON AND ELECTKON D I F F E R E N T I A L  ENEKGY AVALYZER 

- N o n t h e r n a l  e l e c t r o r l  and ion energy s p e c t r a  and p i t c h  an,qle 
d i s t r i b u t i o n s  f o r  p a r t i c l e  e n e r g i e s  between 2 eV and 5G keV 

0 AC t M G N E T I C  UAVE SEARCll C O I L  SENSCR 

- Magne t i c  f i e l d s  w i t h  a f r e q u e n c y  r a n g e  of 10 tlz t o  30 kllz 

0 TOTAL ENERGETIC ELECTRON FLUXflETEK 

- E l e c t r o n  f l u x  lo9 - IOl4 e l s c t r o n s / c m 2 s e c  

e AC E L E C T R I C  AND ELECTRGSTATIC \.IAVE ANALYZERS 

- Electr ic  f i e l d s  w t t h  a f r e q u e n c y  r ange  of 10 tlz t o  1 Gt:z - S-band f i e l d  s t r e n g t h  meter 

0 DC E L E C T R O S T A T I C  DOUBLE PROBE \IZTI{ S P H E R I C A L  SENSORS 

- Electric f i e l d s  i n  one  axi.s from 2 n V / n  t o  2 V l m  

e DC T R I A X I A L  FLUXCATE MAGNETOtlETER 

- Magne t i c  f i e l d s  from 12 m i l l i g a u s s  t o  1.5 gauss 

0 LANGMJIR PROBE 

- Thermal e l e c t r o n  d e n s i t i e s  hetween 104 and lo7 - D e n s i t y  i r r e g u l a r i t i e s  w i t h  10 m t o  10 kn s c a l e  s i z e  

RETARDING POTENTIAL ANALYZER/DIFFERENTIAL VELOCITY PKORE 

- - Energy d i s t r i b u t i o n  f i n c t i o n  below 16 eV - D i r e c t e d  i o n  v e l o c i t i e s  up  t o  15 krillsec 

I o n  number d e n s i t y  f rom lo2 t o  lo7 

0 ION MASS SPECTROMETER 

- Kass r a n g e s  of 1 t o  64 a t o m i c  mass u n i t s  - I o n  d e n s i t i e s  f rom 20 t o  2 x 10' i o n s  

0 PRESSURE GAUGE 

- Ambient p r e s s u r e  f rom 10-3 t o  10'' t o r r  
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Figure 1. Illustration indicating the principal science objectives for the 
Plasma Diagnostics Package (PDP). The PDP contains instruments 
for measuring plasma fields, waves, composition, temperature and 
distribution functions. The Remote Manipulator System (RMS) moves 
the PDP about the Orbiter in pre-planned trajectories to measure 
electromagnetic interference (EMI) levels, the pressure profile, 
properties of the plasma wake formed behind the Orbiter and 
effects due to firing an electron beam into the plasma. 
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Figure 3 

Scheme for the joint PUP and FPEG operations. 
along some angle to the earth's magnetic field, the RMS sweeps the PDP back 
and forth across the beam region to make measurements of plasma fields and 
waves and of the energy distributions f o r  electrons and ions. 

As the electron beam is fired 
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From: P r o c e e d i n g s  of t h e  A i r  F o r c e  Geophys ic s  L a b o r a t o r y  Worksnop 
on N a t u r a l  C h a r g i n g  of L a r g e  Space  S t r u c t u r e s  i n  Near E a r t h  
P o l a r  O r b i t ,  AFGL-TR-0046, Hanscom AFB, MA, J a n u a r y  25, 1983. 

6. STS-3/0SS- 1 Plasma Diagnostics Package 
(PDP) Measurements of Orbiter-Generated 

X 4 Potentials and Electrostatic Noise 

bY 

S. D. Shawhan 
0. 8. Murphy 

Department of Physia and Astronomy 
The University of Iowa 

Iowa City, Iowa 52242 

The Plasma Diagnostics Package (PDP) w a s  flown as par t  of the OSS-1 pallet 
on the Space Shuttle flight STS-3 in March 1982. During this eight-day mission, 
the PDP w a s  operated in i ts  pallet position and on the Remote Manipulator System 
(RMS). PDP measurements included dc electric and magnetic fields; a c  magnetic 
fields to 100 kHz; ac  electr ic  fields to 800 MHz and a t  S-band; energetic ions and 
electrons from 2 . 5  eV to 50 keV; total electron flux; the ton mass  spectrum, 
energy distribution, and streaming direction; the electron density and tempera- 
ture,  and the neutral pressure.  A detailed l is t  of the measurement parameters 
is shown in Table 1. 

The STS-3 attitude was chosen to meet the thermal flight test  objectives. It 
w a s  discovered that charging characterist ics and the intensity of observed elec- 
trostatic noise, both of which a r e  discussed below, were Orbiter-attitude depend- 
ent. Figure 1 i l lustrates the approximate geometry of the nose-to-sun twice- 
orbital  ra te  roll attitude--the condition under which the following observations 
were made, 
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Table 1. OSS-1 PDP Instrumentation and Measurements 

0 Low Energy Proton and Electron Differential Energy Analyzer (LEPEDEA) 
- Nonthermal electron and ion energy spectra  and pitch angle distribu- 

tions for particle energies between 2 eV and 50 keV 

0 AC Magnetic Wave Search Coil Sensor 
- Magnetic fields with a frequency range of 10 Hz to 30 kHz 

0 Total Energetic Electron Fluxmeter - Electron flux 109-1014 electrons/cm2 sec 

0 A C  Electr ic  and Electrostatic Wave Analyzers 
- Electr ic  fields w i t h  a frequency range of 10 Hz ~ 1 GHz 

DC Electrostatic Double Probe With Spherical Sensors 
- Electr ic  fields in one axis from 2 mV/m to 2 V/m 

DC Triaxial  Fluxgate Magnetometer 
- Magnetic fields from 12 milligauss to 1.5 gauss 

0 Langmuir Probe - Thermal electron densities between lo4 and lo7 ~ r n ' ~  
- Density i r regular i t ies  with 10-m to 10-ian scale s ize  

0 Retarding Potential Analyzer/Differential Velocity Probe  
- Ion number density from lo2 to 10' ~ r n ' ~  - Energy distribution function below 16 eV - Directed ion velocities up to 15 kmlaec  

Ion Mass Spectrometer 
- Mass ranges of 1 to 64 atdmic mass  units 
- Ion densities from 20 to 2 X lo7 ions ~ m ' ~  

0 Pressu re  Gauge - Ambient pressure  from to 10'' torr 
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STS-3 OREIT ATTITUDE 
MARCH 24,1982 

NC 
I 

I 

NOSE TO SUN 2x ORB RATE ROLL 

Figure 1. Approximate Geometry of the 
Nose-to-Sun Roll Attitude 

The PDP measured the common-mode potential betwten two spherical probes 
mounted on 0.5-m booms and Orbiter ground. This potential difference is 
consistent with the motional potential 11 X 1F L, where L is the distance between 
the Orbi ter  conducting engine fairings and the PDP on the pallet or on the RMS. 
On STS-3, the most  positive potential w a s  - 4 V near sunset with the PDP in the 
velocity wake direction; the most  negative potential w a s  3 V near sunrise with 
the PDP in the velocity ram direction. Figure 2 shows a comparison between 
this measured potential and a crude 41 X - 4 model as described in the caption. 

Fir ing the 1 kV 100 mA electron gun*, significantly enhances spacecraft  positive 
potential to levels beyond the instrumentation range (> 8V). Preliminary indica- 
tions are that thruster  firings a l so  enhance the Orbiter potential. 

e lectr ic  field sensors  may indicate fa i r ly  low 2 x B 
VI, the PDP electron energy analyzer indicates a significant flux of 10 to 30 eV 
electrons. These energized electrons a r e  also orbit-periodic and seem to depend 
on the Orbi ter ' s  attitude. These particle detectors may be the only way of accu- 
ra te ly  measuring the potential of the Orbiter and i ts  sheath w i t h  respect  to the 
ambient plasma. 

Additional measurements  indicate, however, that a t  a time when the PDP 
& potentials (close to zero 

The FPEG w a s  designed and built by Dr. John Raitt of Utah State University and 
Dr. Pe te r  Banks of Stanford University. 

* 
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ASCENDING NODE 
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5 0 -  - 0  

E -8 w 

I -8 
I8 20 22 00 

DAY 83 

Figure 2. 
L Model (heavy line). B is modeled a s  a simple dipole; V is 

modeled from the Figure 1 orbit  geometry and L is the vector from 
the SME fairings to the PDP. The model is offset upward by 2 V 
for  eas i e r  comparison. Note relative amplitude and periodicity 
agree  w e l l  but,detailed s t ructure  does not. %e large excursions 
in the data can always be associated with FPEG operation or thrust-  
e r  firings - 

Potential a s  Measured by the PDP (light line) v s  V X B 

Ac electr ic  fields from 30 Hz to 178 lcHz a r e  also observed and va ry  by - 70 
dB over an orbit  w i t h  field strengths up to 0. 1 v / m  at the spectral  peak of - 0.3 
kHz with the PDP in the velocity ram direction. Figure 3 shows the relevant 
geometry and samples of the data. At thruster firing periods, the higher fre- 

3 5 quencies in the 10 to 10 kHz range a r e  significantly attentuated, whereas the 
1 3 10 to 10 range is enhanced; when the payload bay doors were closed, the elec- 

t r ic  field noise was attentuated to receiver noise levels a t  all frequencies. It is 
thought that this electrostatic noise is generated in the Orbi ter  w a k e  a t  frequencies 
near the ion plasma frequency (- 50 W z )  and below in the ion acoustic mode. The 
highest frequencies - 200 kHz a r e  Doppler-shifted short  wavelengths (- 0.1 m); 
the lowest frequencies are probably characterist ic of several  thermal ion La rmor  
radii (- tens of meters).  In the r am direction, a l l  frequencies can reach the 
PDP. In the wake orientation, the high frequencies may be attenuated a c r o s s  
the wake region so that only the longer wavelength lower frequencies a r e  detected. 
With thruster firings, the ion density may be significantly lower, which lowers 
the ion plasma frequency and thus lowers the upper Doppler-shifted frequency. 
This electrostatic noise generation may cause significant drag  on l a rge  space 
structures.  

Work in progress  includes a detailed look at correlation between short-term 

The PDP 
potential variations and thruster firings, evaluation of more  data from the particle 
analyzer and correlation of resul ts  with the FPEG/VCAP experiment. 
will fly again on Spacelab-2 (November 1984 launch) and a number of experiments 
a r e  being designed to investigate further the phenomena discovered on this 
mission. 
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POP IN WAKE 
( SEE LOW FREQUENCIES) 

POP IN RAM 
( SEE ALL FREQUENCIES 

Figure 3. Relevant Plasma Diagnostics Package Geometry and Sampler of Data 
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.L. 3 INTRODUCTION 

This 90-day summary s c i e n c e  r e p o r t  f o r  t h e  STS-3/0SS-1 PDP is 
submi t t ed  as r e q u i r e d  by t h e  "OSS-l/Plasna Diagnos t i c s  Package Data 
Xanagement Plan" d a t e d  Janua ry  1982 (Repor t  OSS-1/PDP 82-01, U n i v e r s i t y  
or' Iowa) i n  accordance  w i t h  t h e  l e t t e r  from A. Mart in  Uband ,  da t ed  22 
December 1982, Code 420, CSFC F i l e  03496 "OSS-1, Phase 111, Data 
Analys is . "  Hission o p e r a t i o n s  and d a t a  a n a l y s i s  is suppor t ed  through 
M a r s h a l l  Space F l i g h t  Center C o n t r a c t  NAS8-32807 f o r  t h e  OSS-1 and 
S p a c e l a b 2  PDP e f f o r t .  

Data u t i l i z e d  f o r  t h i s  r e p o r t  has  inc luded  hard copy data from t h e  
POCC, PDP d a t a  r ece ived  d i r e c t l y  a t  t h e  North Liberty (Iowa) Radio 
Obse rva to ry ,  p rocessed  f l i g h t  d a t a  t a p e s  ( 5 7  h o u r s ) ,  and PDP d a t a  from 
t h e  OSS-l/IUE d a t a  t a p e s  (116 h o u r s ) .  I n  a d d i t i o n ,  a n c i l l a r y  d a t a  on 
t h e  RMS c o o r d i n a t e s  i n  hard  copy form has  been u t i l i z e d .  A n c i l l a r y  d a t a  
not y e t  a v a i l a b l e  i n c l u d e  t h e  best-estinrate-trajectory and a t t i t u d e ,  t h e  
o p e r a t i o n s  s t a t u s  of key o r b i t e r  subsystems such  as thmsters and f l a s h  
e v a p o r a t o r s ,  and t h e  c a t a l o g  of VCAP/FPEC o p e r a t i o n s .  Of t h e  PDP f l i g h t  
d a t a ,  28 hour s  have been d i s p l a y e d  i n  t e n  minute  summary p l o t  format on 
35mm c o l o r  s l i d e s .  A l l  of t h e  LUE d a t a  (16  s e l e c t a b l e  parameters) h a s  
been p l o t t e d  a g a i n s t  time a t  30 minutes  p e r  p l o t .  

Fo r  the STS-3/0SS-1 miss ion ,  t h e  PDP was t o  c a r r y  o u t  t h e  f o l l o w i n g  
and s c i e n t i f i c  o b j e c t i v e s :  

1.1 F l i g h t  Test of System and Procedures  

F l i g h t  test t h e  system and p rocedures  and a s s o c i a t e d  w i t h  t h e  
Spacelab-2 PDP e x p e r l w n c  r i c h  p a r t i c u l a r  emphasis on t h e  RnS 
operations, on u n l a t c h i n g  and r e l a t c h i n g  t h e  PDP u n i t ,  and on 
e v a l u a t i n g  t h e  RF telemetry l ink.  

1.2 O r b f t e r  M I  and Plasma Contaminat ion 

Measure and l o c a t e  t h e  s o u r c e s '  of f i e l d s ,  E lec t romanne t i c  
Interference (EM) and plasma c o n t a a n a t i o n  I n  the environmenc of t h e  
O r b i t e r  o u t  t o  15 umters. 

1.3 O r b i t e r  Wakes and Shocks 

Study t h e  orb i temmagnetoplasma i n t e r a c t i o n s  w i t h i n  1 5  meters of 
t h e  o r b i t e r  through measurement of e lec t r ic  and magnet ic  f i e l d s ,  i o n i z e d  
particle wakes and gene ra t ed  waves. 

1.4 E l e c t r o n  Gun Beam D i a g n o s t i c s  and Plasma E f f e c t s  

A s c e r t a i n  t h e  characterist ics o l  t h e  e l e c t r o n  beam e m i t t e d  f r n m  t h e  
r b i t e r  o u t  t o  a range of 1 5  meters; measure t h e  r e s u l t s  of beaWpLasnii e i n t e r a c t i o n s  i n  terms of f i e l d s ,  waves and p a r t i c l e  d i s c r i h r t c  i o r i  

f u n c t i o n s .  
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lThe t e c h n i c a l  o b j e c t i v e  1.1 was d i s c u s s e d  in t h e  "ST$3/0SS-I 
Plasma D i a g n O 8 t f C s  Package (PDP) 30-Day Engineer ing Report", d a t e d  30 
A p r i l  1982. 
t h e  PDP and on t h e  science o b j e c t i v e s  1.2, 1.3 and 1.4 is presen ted  i n  
t h i s  r e p o r t  i n  Sec t ion8  2.0 through 6.0 and is summarized i n  
Sec t ion  7.0. In Section 8.0, t h e  p l a n  for cont inued data a n a l y s i s  is 
b r i e f  17 descr ibed.  

Progrcs8-todate on t h e  thermal  and p res su re  environment of 

2.0 TEIERMAL AND PRESSuElE HISTORY 

With t h e  a v 8 i l a b l U t y  of the complete PDP f l i g h t  t ape  recorded d a t a  
and t h e  OSS-l/XUE PDP data parameters, it ha8 been p o r s i b l e  t o  e x t r a c t  
t h e  PDP thermrrl and p r e s r u r e  h i s t o r y .  

2.1 PDP Them1 Bistory 

The PDP wan des igned  t o  w i t h s t a n d  t h e  t h e r m r l  extremes of t h e  STS-3 
misrion through t h e  u s e  of h e a t e r s  and of t h e r m 1  blankets. The PDP sat 
on t h e  Ralease/Engagcrarnt Mmchanfsm (REHI on che O S S - 1  pallet without  a 
c o l d p l a t e  and was a t t a c h e d  t o  t h e  RNS f o r  two extended per iods.  

Figure 2.1 g i v e s  a plot of temperature  vs. mission elapsed time MET 
f o r  two teqerative sensors .  
t h e r m i s t o r  internrl t o  the PDP on t h e  instnament  deck. Th i s  p o i n t  fs 
seen t o  re8ch a mininun, of -25.C af te r  t h e  e x t e n s i v e  t a i l - t o  sun cold 
p e r i o d  n e a r  MET l/OSOO. At this p o i n t ,  t h e  PDP deck h e a t e r  was 
activ8tad arid holdfng t h e  -25.C s e t p o i n t .  
m u t l x m m  of 52.C near MET 6/1000 a t  t h e  end of t h e  e x t e n s i v e  hoc 
top-eo-sua per iod;  model c a l c u l a t i o n s  predicted 50'C. Note c h a t  d u r i n g  
t h e  PDP deployment p e r i o d s  e a r l y  on MET Day 3 and Day 4, t h e  PDP warmed 

The s o l i d  curve l a b e l e d  "PDP" is a 

This saam sensor showed a 

up rlavly t o  -5OC. 

The d o t t e d  c u m  i n  F i g u r e  2.1 labeled "ECF" is a t h e r m i s t o r  on t h e  
alectric8l g r a p p l e  f i x t u r e  connec tor  which is e x t e r n a l  t o  t h e  PDP. This 
p o i n t  haa a very w c h  s h o r t e r  t h e r m r l  tiw constanc.  V a r i a t i o n s  a re  
more r a p i d  with a IPinimum of -35.C a t  MET 1 / 0 6 0 0  and a maximum of S6OC 
n e a r  MET 6/0600. Still this p o i n t  remains bttvccn t h e  h e a t e r  t r i p  p o i n t  
df  -32OC and a d e s i r e d  upper  l i m i t  of 6OOC. Consequent ly ,  t h e  POP 
thermal design is cons iderad  s u i t a b l e  f o r  S p a c e l a b 2 .  Similar d e s i g n s  
should  work f o r  other s p o c a l a b  pal lcc-mounted instruments wi thou t  
c o l d p l a t e s .  

2.2 Pressure Prof i l e  

P r e s s u r e  l n  t h e  range of loo3 t o  10'' t o r r ,  measured 3 inches from 
t h e  skin of t h e  PDP, is p l o c t e d  i n  Figure 2.2 a g a i n s t  CHT d u r i n g  t h e  
miss ion  (O/OOOO MET 81/1600 m>. J u s t  a f t e r  pa l le t  a c t i v a t i o n ,  t h e  
pressure dec reased  t o  - loo6 t o r t  and then slowly decreased ove r  c h e  d a y  
t o  as low as 10'' torr which is n e a r  ambient l e v e l  € o r  2hO km a l t i t u d e .  

The most d i s t i n c t i v e  f e a t u r e  of t h e  p r e s s u r e  p t o E i l e  is the 
modulation a t  t h e  o r b i t  period. This v a r i a t i o n  of  b e t w e e n  10'5 t o r t  and 
10'7 t o r r  has  a 90 minute o r b i t  pe r iod  even though t h e  Orbi te r  is 
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, r o l l i n g  a t  two-times t h e  o r b i t  r a t e  ( 2  r o l l s / o r b i t ) .  From 
i n t e r p r e t a t i o n  of t h e  a t t i t u d e  i n f o r m a t i o n ,  it i s  found t h a t  the 
p r e s s u r e  peaks when t h e  a tmosphe r i c  gas is rammed into t h e  payload 
bay;  t h e  curve in Figure  2.2 can  be f i t  w i t h  a lon-sine €t inct ion.  t t1 i . i  
modulat ion is s e e n  also when t h e  PDP i s  o n  the RYS d u r i n g  tlir 
FPEC o p e r a t i o n s  p e r i o d s .  Note that on GMT Day 81 near 2200, t h e r e  i s  
a 6x o r b i t  ra te  modula t ion  when the O r b i t e r  was r o l l i n g  a t  6x o r b i t  
rate d u r i n g  PTC. 

a 

Ancillary d a t a  g i v i n g  t h e  s t a t u s  of O r b i t e r  sys tems t h a t  might 
a f f e c t  t h e  p r e s s u r e  are n o t  comple t e ly  a v a i l a b l e .  Eowever, t h e  
pr imary  t h n r s t o r  L2U burn a t  GMT 8 5 / 1 4 3 0 ,  i n c r e a s e s  t h e  p r e s s u r e  t o  
3 x loo4 t o r r .  
t h e  p r e s s u r e  i n c r e a s e d  t o  3 x 10-5 t o r r .  
the t o p - t p s u n  a t t i t u d e  but p r e s s u r e  v a l u e s  as h igh  a8 2 x 10-5 were 
recorded-presumably due t o  i n c r e a s e d  o u t g a s s i n g  of t h e  O r b i t e r  bay. 

During t h e  t h r e e  minutes  of c l o s e d  payload bay d o o r s ,  
L i t t l e  d a t a  were t a k e n  d u r i n g  

Instruments sensitive t o  p r e s s u r e  v a r i a t i o n s  o r  t o  p r e s s u r e  l e v e l s  
above loo4 t o r r - i n  the corona  r e g i o n  i f  h igh  v o l t a g e s  are i n v o l v e d - m a y  
need  a p r e s s u r e  sensor t o  p rov ide  p r o t e c t i o n .  

Figure 2-1 

POP THERMAL HISTORY STS -3  MARCH, ,1962 
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Figure 2-2 

3.0 ORBITER MUTED ELECPBOPUCNeTIC TIELOS 

An e x t e r i v e  8et of v80. f i e l d  receivers cover ing  the  f requency 
range of 30 Bz t o  800 Mgt and S-Band (2200 HXz) vas inc luded  on t h e  PDP. 
These receimrr provfded a c r r p 8 b i U t ' ~  t o  c h a r a c t e r i z e  t h e  O r b i t e r ' s  
unitentiorul radI8ted spectrum and i t 8  time v 8 r i a b i l i t y  and f n t e n t l o n a l  
C O ~ n f C 8 t i O E  tr8&tf8?'8 f l d d  #tr9ngth* 

h e  of the p m  PDP mmruremnts vaa t o  determine t h e  e lectr ic  and 
magnetic n o i s e  spec tmm and tinr v a t l a b f l i t p  due t o  t h e  O r b i t e r  systems.  
It v88 found th8t the nugnetic f i e l d  ua8 compored of d i s c r e t e  
f r e q u e n c i e s  and harmonics. 
c o n v e r t e r s  and c l o c k l i n e s .  The c h a r a c c e r i s t i c  ampli tude of 
60 dBpT t 2OdB d i d  not vary significantly over  t h e  mission. 

There edsrions are probably due t o  power 

I9eaauremmts of the electric f i e l d  emiss ions  showed a broadband 
spectrum which v 8 r l e d  by at least 60 dB over  time. 
t im v a r i a b i l i t y  is shown In Figure 3.1 f o r  the 16 VLF channels.  Note 
t h a t  changer occur  oa t h e  ti- scale of seconds-probably due t o  
t h r u s t e r  f ir ings .  Also t h e r e  is a l a r g e  v a r i a t i o n  on t h e  time scale of 
tens of minutes  which is found t o  be c o t r e l a c e d  v i t h  t h e  O r b i t e r  o r b i t  
per iod .  The i n t e n s i t y  is u s u a l l y  mPximum when t h e  O r b i t e r  is i n  a ram 
a t t i tude-bay  in the  v e l o c i t y  v e c t o r  d i r e c t i o n .  This modulation is 
similar t o  that of the pressure gauge. 

An example of t h e  
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ORtGlr4AL P A S  1% 
OF POOR QUALITY 

The range of obeerved e lec t r ic  f i e l d  l e v e l s  is p l o t t e d  i n  
F i g u r e  3.2. 
l e v e l s .  At f r e q u e n c i e s  above 300 Hz, t h e  r e c e i v e r s  were not s e n s i t i v e  
enough to d e t e c t  t h e  n o i s e  a t  a l l .  
f i e l d s  exceeded t h e  O r b i t e r i n d u c e d  n o i s e  a t  a l l  f r e q u e n c i e s .  

O r b i t e r a s s o c i a t e d  n o i s e  was as low 3s t h e  receiver n o i s e  

When t h e  FPEG was o p e r a t e d ,  t h e  a 
In general, i t  is found t h a t  t h e  O r b i t e r  u n i t e n s i o n a l  e m i s s i o n s  ar:! 

a t  t h e  s p e c  l e v e l  o r  b e l o w  and t h a t  t h e  e lec t r ic  f i e l d  n o i s e  is  n o t  due 
to O r b i t e r  subsystems,  bu t  r a t h e r  t g  t h e  O r b i t e r ' s  i n t e r a c t i o n  w i t h  t h e  
plasma i n  t h e  ionosphere.  Work is c o n t i n u i n g  on t h i s  i n v e s t i g a t i o n .  

3.2 UHF and S-Band T r a n s m i t t e r  F i e l d  S t r e n g t h s  

One f i l t e r  channel  of t h e  PDP High Frequency Rece iver  covered  t h e  
band of 165-400 MHz which i n c l u d e s  t h e  295 MHz f requency  of t h e  UHF 
v o i c e  downlink transmitter. When this t r a n s m i t t e r  was keyed on and 
connec ted  t o  t h e  upper  an tenna ,  a s i g n a l  was d e t e c t e d  by the PDP. These 
measured f i e l d  s t r e n g t h s  were always below 0.5 V / m  w i t h  t h e  PDP on t h e  
RMS and below 0.1 V / m  a t  t h e  PDP pa l l e t  l o c a t i o n .  
f i e l d  s t r e n g t h s  are g i v e n  i n  t h e  f o l l o w i n g  t a b l e :  

Average and peak 
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Locat ion/Pield S t r eng ths  f 2dB Avc race Pc :i k - 
PDP on Pallet  a t  13 meters from Antenna .[I5 v / m  lJ.(IH V / m  
PDP on U S  a t  8 amters from Ancenna .L 3 . LL 

These l e v e l s  a t e  vel1 below the suggested r ad ia t ed  s u s c e p t i b i l i t y  
f i e l d  s t r eng th r .  

A t  S-Bind, the 150 vatt d8 ta  downlink t r a n s m i t t e r  (2287.5 MHz) can 
produce f i e l d s  which are modeled t o  be 49.6 V/m/R (meters) i n  the beam 
of the s e l e c t e d  "quad" antenna. Even a t  many maters, t hese  f i e l d s  could 
be a t  damage level f o r  p8plo8d i n a t n m u n t s  or f o r  sa te l l i t es  beinn 
manipulated by the R l S .  The PDP carried a receiver e s p e c i a l l y  designed 
' t o  -mure th. f i e l d  rtrengtha in and around the payload b89. These 
mamared levels ware about 5 dB f 2 dB higher than the =deled va lues  
bu t  comp8rable to a crude t h e o t e e i c a l l p  c a l c u l a t e d  value a6 follows: 

F i e l d  S t r eng th  Re la t ion  
( v i m )  

Modeled 8 150 Uat ts  49.6 /R (meters) 
Measured with PDP ( 2  ZdB) 90.3 /R (meters) 
Calculated Q 150 U a t t s  96.9 /R (meters) 

The a l a a l a t e d  value assumes th8t a11 of the power is emi t t ed  i n t o  

fn the antenna bmm, the f ie ld8  exceed 20 V l m  fnr'ida of 5 meters. 

a W r p h e r n  vLth 100% efficiency. 

Howaver, with t h e  PDP oa t h e  pallet a t  a range of 13 wcers  o f f  the edge 
of tb. beam, t h e  f i a l d r  were noc obrerved ac the  threqhald o€ 2 V l m  
wbreu the in-beam p r e d i c t i o n  would b. 7V/m. Conscq-ncly, payload bay 

. iortnamantatioa is not subjected t o  damage l eve l s .  

Figure 3-2 
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ORIGINAL PAGE 1s 
OF POOR QUALlTY 

4.0 ORBITER I O N  PLASMA ENVIRONMENT 
I (Henry C. B r in ton ,  Joseph  M. Grebowsky, Merritt W. Pharo 111, 
I b r r y  A. Tay lo r ,  Jr./GSFC) 

The Bennett RF Ion  Mass Spec t romete r  on t h e  STS-3/OSS-1 Plasma 
D i a g n o s t i c s  Package (PDP) performed nominal ly  throughout  t h e  mission.  
Measurements of i o n  s p e c t r a  were o b t a i n e d  bo th  i n  t h e  ca rgo  bay and 
d u r i n g  experiment  p e r i o d s  i n  which t h e  PDP w a s  o p e r a t e d  on t h e  ex tended  
Remote Manipula tor  System (RMS) arm. Real time d a t a  o b t a i n e d  from 
s e v e r a l  o r b i t  passes o v e r  t h e  North L i b e r t y  (Iowa) Radio Observa tory  
ground s t a t i o n  and p layback  d a t a  o b t a i n e d  wh i l e  t h e  PDP w a s  ope ra t ed  on 
t h e  ex tended  RMS arm have been examined. Ion c u r r e n t s  observed covered 
t h e  e n t i r e  dynamic range  ( 2  x 105)  of t h e  i o n  mass s p e c t r o m e t e r  system 
demons t r a t ed  r e sponse  to t h e  ex t remes  of ambient and pe r tu rbed  plasma 
c o n d i t i o n s .  Data t a p e s  provided  were of s u f f i c i e n t  q u a l i t y  t o  e n a b l e  
u s e  of t h e  GSFC developed s o f t w a r e  on t h e  DEC 11/70 computer f o r  i n i t i a l  
d a t a  r e d u c t i o n  activit ies.  

Init ial  d a t a  p r o c e s s i n g  w a s  concerned w i t h  p o s i t i v e l y  i d e n t i f y i n g  
t h e  a t o m i c  mass numbers of t h e  d e t e c t e d  i o n  s p e c i e s .  As a n t i c i p a t e d ,  
t h e  e f f e c t s  of electrical cha rge  bu i ldup  a n d / o r  t h e  plasma ram v e l o c i t y  
a l t e r e d  t h e  c a l i b r a t e d  d i r e c t  r e l a t i o n s h i p  between t h e  a tomic  mass 
number of an  i o n  and t h e  a p p l i e d  s p e c t r o m e t e r  v o l t a g e  r e q u i r e d  f o r  i t s  
d e t e c t i o n .  The n e t  of such  e f f e c t s  upon t h e  s p e c t r o m e t e r  range from 
-3 to -8 v o l t s  ou t h e  v a r i o u s  d a t a  samples s t u d i e d .  A d e t a i l e d  
examina t ioo  of a number of i n d i v i d u a l  mass s c a n s  was t h e r e f o r e  
unde r t aken  which cons ide red  a p p a r e n t  p o t e n t i a l  s h i f t s  i n  t h e  fundamental  
c u r r e n t  peaks due to s p a c e c r a f t  c h a r g i n g  as w e l l  as t h e  s h i f t s  i n  t h e  
l o c a t i o n s  of t h e  harmonic d e r i v a t i v e s  of t h e  f u n d a m n t a l  peaks. Th i s  
a n a l y s i s  provided  a scheme f o r  i d e n t i f y i n g  t h e  a tomic  mass number of t h e  
d e t e c t a b l e  ions .  
o r b i t - a t t i t u d e  d a t a  are a v a i l a b l e .  

A more complete  a n a l y s i s  w i l l  be made once t h e  

S i n c e  d e t a i l e d  e v e n t  t i m e l i n e  and aspect in fo rma t ion  f o r  
d e t e r m i n i n g  t h e  o r i e n t a t i o n  of t h e  spec t romccer  o r i f i c e  w i t h  r e s p e c t  t o  
the plasma f low,  are not  yet  avai lable ,  i t  was noc possible to determine 
t h e  exact magnitude of t h e  i o n  c o n c e n t r a t i o n s  sampled, nor t o  i n t e r p r e t  
t h e  s o u r c e  of s t r o n g  f l u c t u a t i o n s .  However, t h e  c o l l e c t e d  ion  c u r r e n t s  
p r o v i d e  t h e  b a s i s  f o r  a rough estimate of t h e  r e l a t i v e  abundance of each 
i o n s  s p e c i e s ,  and of c o u r s e ,  t h e  v a r i a t i o n s  of t h e  ion c u r r e n t s  w i t h  
time r e f l e c t  s i m i l a r  v a r i a t i o n s  i n  t h e  c o n c e n t r a t i o n s .  Hence t h e  
p r e l i m i n a r y  e v a l u a t i o n  of t h e  d a t a  cons ide red  t h e  i o n  c u r r e n t s  on ly  
w h i l e  one of t h e  immediate f u t u r e  g o a l s  will be to conver t  t h e s e  
c u r r e n t s  to c o n c e n t r a t i o n s .  

Sone examples of t h e  i o n  c u r r e n t s  c o l l e c t e d  d u r i n g  t h e  f l i g h t  o f  
ST!+3/0SS-1 are shown i n  Figures. Three d i s t i n c t i v e  phases  of t h e  PDP 
o p e r a t i o n s  are dep ic t ed .  F igu re  4.1 co r re sponds  t o  ear ly  measurements 
when t h e  PDP was s t i l l  i n  t h e  s h u t t l e  bay w h i l e  F i g u r e s  4.2 and 4.3 show 
measurements made on t h e  extended RMS arm. In  t h e  e v e n t  shown i n  
F i g u r e  0 . 3 ,  t h e  e l e c t r o n  beam c r e a t e d  ab rup t  d i s t u r b a n c e  of a l l  t h v  i o n  
c u r r e n t s .  As these figures show, t h e  most dominant ion species o h w r w d  
cor re spond  t o  a tomic  mass numbers of 16,  18, 30, and 32. The e x i s t e n c e  
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of mass numbers 16,  30 and 32 were expected s i n c e  t h e  s h u t t l e  is  
o p e r a t i n g  a t  F-region a l t i t u d e s  where t h e r e  a r e  s u b s t a n t i a l  ambient 
plasma O+ (16  a m ) ,  and NO* (30 a m )  and 02+ (32 a m )  plasma d e n s i t i e s .  
The e x i s t e n c e  of mass 18, assumed t o  correspond t o  H20+ i o n s ,  
demonstrates  t h a t  t h e  s h u t t l e  not only dynamically p e r t u r b s  t h e  a m b i e n t  
plasma as i t  moves through i t ,  but  a p p a r e n t l y  has i t s  own i n h e r e n t  
atmosphere environment t o  interact  w i t h  t h e  ambient medium. 

F u r t h e r  a n a l y s i s  of t h e  i o n  s p e c t r o m e t e r  measurements w i l l  proceed,  
g i v e n  o p e r a t i o n s  and a s p e c t  da t a .  From a merging of t h e  o r b i t  and 
a t t i t u d e  d a t a  w i t h  t h e  ion measurements, i t  is expected t h a t  g e o p h y s i c a l  
v a r i a t i o n 8  in t h e  ion c o n c e n t r a t i o n s  may be s e p a r a t e d  from s h u t t l e  
induced p e r t u r b a t i o n s  - f o r  example - t h e  n o t i c e a b l e  decreases i n  
c u r r e n t  seen in Figures I and 2 may be of e i t h e r  source.  A f u r t h e r  
s t u d y  w i l l  be made of t h e  i d e n t i f i c a t i o n  of ambient and contaminant ions 
and of composi t ion changes due t o  e l e c t r o n  pun and t h r u s t e r  firings. 

. .  ' .  I- 

"2 " -HAC 

T I M  I S f C l  

Figure 4-1 IS-JUl-@b 

A - 2 1 7  



1-8 I 

L I a- 1' 

I 

V I R  IN01 

Finurc 4-2 14-JW-88 

V t ( 1  IStCI 

Figure 4-3 

A-218 



5.0 ORBITER-INDUCED PLASYA WAKE 
(Noble H. Stone  and David L. Reasoner/MSFC) 

The RPA/DIFP i n s t r u m e n t  is des igned  t o  p rov ide  t h e  t o t a l  i on  
c u r r e n t  d e n s i t y ,  energy and t empera tu re  ( R P A )  and t h e  i o n  €low d i r e c t i o n  
( e v e n  f o r  m u l t i p l e  s t r e a m s )  and t h e  a s s o c i a t e d  c u r r e n t  d e n s i t y ,  d r i f t  
ene rgy  and t empera tu re  of each  stream (DIFP). 

F i g u r e  5.1 is a c o l o r  s u r v e y  p l o t  which i n c l u d e s  t h e  RPA/DLFP d a t a  
showing; (1)  an a t t i t u d e  change of  t h e  POP w i t h  respect t o  t h e  o r b i t a l  
v e l o c i t y  v e c t o r  and ( 2 ) ,  two d i s t i n c t  i on  s t r e a m s ;  i .e. ,  t h e  i n c e n s e  ram 
i o n  stream which f lows  parallel t o  t h e  v e l o c i t y  v e c t o r  ( l o w e r  c r e s c e n t )  
and a f a i n t e r  stream i n c l i n e d  upward a t  65' -50" above t h e  o r b i t a l  
v e l o c i t y  v e c t o r  (uppe r  c r e s c e n t )  in t h e  time i n t e r v a l  O E  CXT 

I 

8 5 /  1648-1652. 

Figure 5-1 
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F i g u r e  5.2 shows, s c h e m a t i c a l l y ,  t h e  o r i e n t a t i o n  o'f t h e  O r b i t e r  
w i t h  r e s p e c t  t o  t h e  v e l o c i t y  v e c t o r ,  Vo, d u r i n g  t h e  p e r i o d  i n  which  t h e  
d a t a  were ob ta ined .  As t h e  PDP w a s  moved through t h e  i n d i c a t e d  p a t h ,  
i t s  o r i e n t a t i o n  changed, as i n d i c a t e d ,  a t  p o i n t s  1, 2 and 3. It is t h e  
change i n  o r i e n t a t i o n  of t h e  PDP a l o n g  t h e  p a t h  t h a t  produces t h e  
c r e s c e n t  e f f e c t  i n  t h e  spec t rogram.  A t  p o i n t  I ,  t h e  RPA/DIFP looked 
d i r e c t l y  i n t o  t h e  ram d i r e c t i o n .  It became p e r p e n d i c u l a r  t o  t h e  flow a t  
p o i n t  2, but looked i n t o  t h e  ram a g a i n  a t  p o i n t  3. The d e f l e c t i o n  
v o l t a g e  on t h e  DIFP, which is p r o # o r t i o n a l  t o  angle  of a t t ack ,  fo l lows  
t h i s  maneuver p r e c i s e l y ,  be ing  near z e r o  when t h e  PDP v a s  a t  p o i n t s  1 
and 3 and h i g h l y  n e g a t i v e  a t  p o i n t  2. 

z 

SHUTTLE OR IENTAT ION & POP TRACK 
Figure 5-2 

A p l o t  of t h e  DIFP c u r r e n t  as a f u n c t i o n  of d e f l e c t i o n  v o l t a g e  
d u r i n g  one sweep, made a t  t i m e  16:69:01.7, is g iven  i n  F igu re  5.3 and 
shows two d i s t i n c t  peaks. These peaks a r r i v e  a t  -16 and +26'. We 
assume t h a t  t h e  PDP was i n c l i n e d  upward a t  16" and t h a t  Peak No. 1 
r e p r e s e n t s  t h e  ram c u r r e n t .  The second i o n  stream, t h e r e f o r e ,  arr ived 
a t  an  a n g l e  of 42" t o  t h e  v e l o c i t y  v e c t o r .  This stream a p p e a r s  t o  
r e s u l t  from i o n s  t h a t  were a c c e l e r a t e d  by t h e  i n t e r a c t i o n  w i t h  t h e  
O r b i t e r  and have reached t h e  RPA/DIFP by t r a v e l i n g  ove r  a n  a r c  of a 
Larmor r a d i u s  as i n d i c a t e d  i n  F i g u r e  4.3. 
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The s t r e a m  v e r e  ana lyzed  by a r e t a r d i n g  p o t e n t i a l  and both have an 
energy of - 10 ev. 
c l o s e l y  a l i g n e d  w i t h  t h e  v e l o c i t y  v e c t o r .  
be due t o  t h e  remaining a n g l e  of a t t a c k ) .  
5 ev,  t h e  observed  e n e r g i e s  s u g g e s t  a p o t e n t i a l  -6 t o  - 5  v o l t s  on t h e  
PDP. In  f a c t ,  t h e  ave rage  p o t e n t i a l  of che s p h e r e s  w i t h  r e s p e c t  to t h e  
PDP is given  by t h e  ye l low “AV“ curve  f n  t h e  ‘DC E- f i e ld”  pane l  as +6 
v o l t s  d u r i n g  t h e  i o n  beam. 
w i t h  r e s p e c t  t o  t h e  plasma i n  agreement w i t h  t h e  RPA a n a l y s i s .  

(The RPA i n d i c a t e s  an energy of 9 ev when most 
The d i f f e r e n c e  i n  enerKy may 
S ince  t h e  ram enerKy of (I+ i s  

This v a l u e  means c h a r  t h e  PDP was -h volts 

PCAKNO I 

)2 
OCfLEClION VOLlAGE IVOLISI  

Figure 5-3 

6.0 ELECTRON BEAM--PUSHA INTERACTIONS 

Work on t h e  FPEG beam and i t s  i n t e r a c t i o n  v i t h  t h e  plasma has  not  
p r o g r e s r e d  s i g n i f i c a n t l y .  
c e r t a i n  a n c i l l a r y  data are requ i r ed .  
are l i r ted  below: 

To e f f e c t i v e l y  carry out  t h i s  i n v e s t i g a t i o n ,  
These r e q u i r e d  d a t a  and t h e  s t a t u s  

RMS Coordln~ter Provided by JSC a8 P r i n t o u t  
O r b i t r r A t t f t u d 8  Tlmline State Vec to r s  A v a i l a b l e  on Paper;  

O r b i t e r  Magnetic Alignments 
FPEC Firing C a t a l o g  

Await ing BET Tape 
Ekqui res  O r b i t e r - A t t i t u d e  T i m e l i n e  
J u s t  Received from Utah S t a t e  
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Consequent ly ,  t h e  major  holdup is t h e  O r b i t e r - a t t i t u d e  d a t a .  mce 
t h i s  i n f o r m a t i o n  is  r e c e i v e d  and i n t e r p r e t e d ,  t h e  s e p a r a t e  d a t a  sets can  
be c o l l a t e d  i n t o  a common t i m e l i n e .  

Add i t ion  VCAP/PDP J o i n t  Beam Search  d a t a  have p rocessed  i n t o  su rvey  
p l o t s .  An example is  g i v e n  i n  F i g u r e  6.1 f o r  1982 Day 85 a t  1750 CNT. 
During t h i s  p e r i o d ,  t h e  PDP on t h e  RMS being  maneuvered t o  s e a r c h  f o r  
t h e  FPEG beam. E l e c t r o n s  are observed  up t o  1 keV i n  ene rgy ;  low f l u x e s  
o f  ions are observed  up t o  250 eV. V U  emis s ions  peak i n  t h e  n.5 -2 kHz 
range .  Emission in t h e  s e v e r a l  MHz range a re  probably  a s s o c i a t e d  w i t h  
t h e  gyrof requency  (- MHz) and t h e  plasma f requency  (- 10 MHz). Elec t r ic  
f i e l d s  i n  excess of 1 0 V / m  and t h e  PDP p o t e n t i a l  of g r e a t e r  t h a n  + 12V 
w i t h  r e s p e c t  t o  t h e  plasma are  a l s o  encountered .  

Many of t h e  beam-plasma c h a r a c t e r i s t i c s  observed  on-orb i t  were a l s o  
obse rved  i n  t h e  JSC Plasma Chamber T e s t s  of March 1981. I n  p a r a l l e l ,  
t h e  Chamber T e s t  d a t a  are be ing  p rocessed  through t h e  same a n a l y s i s  and 
d i s p l a y  programs so t h a t  d e t a i l e d  comparisons can be made. 

F i g u r e  6-1 

ORIGINAL PAGE 
AND V/HITE PHOTOGRAPH 
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7.0 SUMMARP OF PDP 

i r  

0 

0 

An o v e r a l l  summary of t he  environmental  and s c i e n c e  r e s u l t s  t o  d a t e  
as follov8: 

O r b i t e r  related EHI levels are s i g n f i c a n t l y  low so t h a t  n a t u r a l  n o i s e  
phenomnr, FPEC s t inu l r ted  waves r a d  O r b i t e r i n d u c e d  wake noise are 
d e t e c t a b l e  

With the bay doors  cloaed, t h e  PDP-detected no i se  levels dropped 
t o  the receiver t h r e s h o l d  va lues  f o r  f r equenc ie s  from 30 Hz t o  
800 !!Bz except f o r  magnetic f i e l d  d i s c r e t e  l i n e  emissions a t  
25 Ez, 1 U ,  25 kSz and harmonics 

Field s t r e n g t h  masurenmnts  of t h e  S-Band comnunication system a r e  
a p p r o x l r n t e l y  a f a c t o r  of tno h ighe r  than  r h e  modeled v a l a e s  

S t i a r l a t e d  FPeC waves i n  t h e  Hz t o  "t ranges were c l e a r l y  
d e t e c t a b l e  

Natur8l noise ed88iOas i n c l u d i n g  s p h e r i c s , - w h i s t l e r s ,  chorus and 
hiss were d e t e c t e d  above t h e  background noise l e v e l s  

Based ou t h e  obaerved dec rease  of EHI n o i s e  l e v e l s  with t h e  bay 
doors  cio8.d and on t h e  amplftudc v r r i r t i o n  of the  n o i s e  depending 
oca O r b i t e r  attitude, i c  is hypothesized t h a t  a broad spectrum of 
electrortatlc nOF8e Fs k i n g  gene ra t ed  by the O r b f t e r ' s  motlon i n  

' t h e  pl88m8-probably i n  t h e  wake, This n o i s e  is.a maxima w i t h  
the bay la t h e  ram d l n c c i o n  

Due to oreural c h a r g l a g  effecti, the O r b i t e r  can reach a feu v o l t s  
potential v i t h  r e s p e c t  to t h e  plasma 

Orbiterc8u8ed olrgnetic f i e l d  p e r t u r h t i o n r  are t y p i c a l l y  less 
thur .os 88U8 

The presence o f  the O r b i t e r  and t h e  Orbiter gaseous environment 
produces p l r s a v  environment I n  and n e a r  t h e  plasma bay which is 
s l g n i f i c 8 n t l y  d i f f e r e n t  th8n the ambient Ionospheric  plasma 

- Plamn8 d e m l t y  and temperature  a t  t h e  PDP pal le t  location can v a r y  
by a t  l e u t  3 o r d e r s  of magnitude i n  t h e  time scale o t  minutes and 
by a larger f a c t o r  depending on t h e  Orbiter a t t i t u d e  

- Time v a r i a t l o n a  In p r e s s u r e  of about t w o  o r d e r s  o €  m a r n i t u d e  a r e  
ob8emed. wi th  soam c o r r e l a t i o n  t o  O r b i t e r  RAn/wake a c t  itrrde ;rrid 
t h r u s t e r  o p e r a t i o n s ;  on t h e  scale o €  minutes,  t h e  pressure re:icht.s 
10.5 torr with t h e  bay in t h e  ram d i r e c t i o n  uhereus t h e  p r e s s u r e  
exceeded LOo4 f o r  a PRCS j e t  operation. 

Dominant ioar i n c l u d e  O+, N2+ and 02* from t h e  ambient 
ionorphere - and H2O+ from t h e  Orbiter itself , 

Measured plasma energy depends on PDP charging which is 
c o n t r o l l e d  by day /n igh t  and RAM/vake e f f e c t s  

- 
- 



- On the RMS, d i r e c t e d  i o n  stream8 are d e t e c t e d  which are probably 
due t o  r e f i l l i n g  of the O r b i t e r  wake cav i ty .  
e n t r e  i s  u s o d a t e d  v l th  the c b r g e  s t a t e  of t h e  PDP 

Modulation of t h e  

0 The FPEC e l e c t r o u  beam undergoes a s t r o n g  i n t e r a c t i o n  w i t h  t h e  
ambient iono8pher lc  p l a s m a  and perhaps wlth  t h e  O r b i t e r  gas cloud and 
l o c a l  pl.am8 

Elec t ron8  and energ ized  Ions  reach the PDP In  I t s  p a l l e t  
l o u t i o n  below t h e  FPEC - 
Uaves are stlmalated, i o n s  energ ized  and e l e c t r o n s  decnergized 
and s c a t t e r o d  d o n g  t h e  e l e c t r o n  ku column 

E lec t rons  o f  1 keV and below are found wi th in  a column OP 
approxinmtely 6 meters diameter-che e l e c t r o n  gytodiametct--ui th  
a nea r ly  uniform d i s t r i b u t i o n  in f l u x  

Ion8 v i t h  energies up t o  ZSQ e V  are a8Soci&ted w i t h  the 
b e r p - p l a s m a  i n t e r a c t i o n .  

S f g n i f i u n t l y  i n t e n s e  VLF and LF w8y.s are r t f a u l a t c d  by puls lny  
th. ms kM 

P o t e n t i a l s  up several LO'S of v o l t s  and electric f i e l d s  i n  
exc.88 of 1OV/m are w88ured  du r ing  FPEC operaelon8 

.8*0 DATA AUALYSIS PLAN 

Within t h e  l imi t ed  resources  t o  carry out the OSS=l/PDP d a t a  
analysis, wwrk f s  p togre r s ing  t o  prepare  r epor t8  8nd publ ic8 t lons  on the 
f ollovlng topic8: 

0 Potentials and Electric F ie ld8  of th. O r b i t e r  

0 Nature o f  the O r b i t e r I n d u c e d  P l u u  Wakes 

0 The O r b i t e r  Plasma Eavlro-nt 

0 E f f e c t s  of t h e  Beam-Rla8pp. I n t e r a c t i o n  

0 C h a r a c t e r i s t i c s  of t h e  E l e c t r o s t a t i c  Noise Generated by t h e  
Orbiter-Pla8ma k t t t r a c t i o n  

0 Descript ion of the OSS-l/PDP System 

Orb i t e r  MI b v e l s  

0 +Band and UHF C o m n f c a t i o n s  Radiated F ie ld  S t rengths  

0 Power Bus8 and U c r o p t o c c s s o r  Perfornunce History 

0 Pressure Measurements by PDP on STS-3 

Theravl History of the PDP on STS-3 
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Them report8 8nd papers Ore t o  be t h e  basis for p r e s e n t a t i o n s  a t  a 
amkr o f  aaetlngm i n  the near  f u t u r e :  

0 

0 

0 

e 

0 

0 

0 

Europ..n C.opttyaiul Society, h e d o ,  England 23-27 August 

Activ8t8 Exparlorntr Working Croup 8nd Spacelab1 KUC, MSFC, 
30-31 h f f u 8 t  

Warkshop on Charglng of t r g e  Space Structures i n  Polar O r b i c ,  
APCL, 14-15 September 

NASA/Sp8celab Workshop on Orbiter Environment , Calverton,  
Maryland, 9-7 October 

Fall  ACV Meeting, San Franc i sco ,  7-12 December 

AZM M.ating, Reno, 10-14 January 

URSI Weting, Boulder,  17-21 January 

Spring AGU Meeting,  Baltimore, 30 May - 3 June 
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TABLE 6 

S W M A R Y  OF PDP ORBITER ENVIROMENT MEASURMENTS 

ORBITER POTENTIAL 

POTENTIAL WITH RESPECT TO PLASnA VARIED UP To t 5V WITH POP ON 
M S  

POTEr.”TIAL VARIATION CONSISTENT WITH V x B * L 
WHERE & - DISTANCE FROn ENGINES TO-POP- - 

ORBITER ALNAYS DRIVEN POSITIVE DURING FPEC OPERATIONS 

M C / M I  

NO MICROPROCESSOR ( 2  UNITS) MALFUNCTIONS [WATCH-DOC TIMER 
UTILIZEDI 

28V PDP POWER BUSS RANGE: 27.0-31 .0  VOLTS 

28V POP POWER BUSS STEPS: < 1.OV IN 1.6  SECONDS 
< 1 . 5 V  IN 5 MINUTES 

ELECTRIC AND MAGNETIC FIELD RADIATED DlISSIONS WITHIN 
SPEC1 FICATI ONS 

ORBITER-PLAWA INTERACTION GENERATES ELECTROSTATIC NOISE UP TO - 1 V/M 

UHF TRANSMITTER: < 0.1 V/M IN BAY8 < 0.5 V/M ON rCnS 

S-BAND TRANSMITTERS < 2 V/M IN BAY8 < 20 V/w ON RIS > 5 M 
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'IABLE 6 

-- SWWARY OF POP ORBITER E t W ~ O m E N T  HEASURMENTS 

T H E M I L  PCRFORlANCE ---.. ---- 
0 FLIGHT HARDWARE MOUNTED ON COLD PLATE, PALLET AND i)(S 

0 THENAL CONTROL BY HEATERS, THEWAL BLANKETS AND RADIATING 
SURFACES 

ALL TMPERATVRES STAYED WITHIN DESIGN LIMITS 

PRESSURE nLASURC4ENTS 

APPARENT PRLFPURE VARIES 10-7  TO 10-5 TORR AT ORBIT PERIOD 
WITH M A X I M A  A T  ASCENDltIC NODE ( R M  I N  NOSE-TO-SUN ATTITUDE) 

0 PRCSSURE INCREASED TO 3 X IO'' TORR DURING LZU BURN 

0 PRESSURE INCREASE0 m 4 X IO-' TORR DURING PAYLOAD BAY OOOR 
CLOSING ( w 2 i : i o )  

APPARENT PnEssune IS MOWLATCD BY POP ROTATION 

PLASMA CMPOSlTlON AND ENERGY ---------- 
e VERY SIGNIFICANT DENSITY VARIATION ron DAY/NIGHT AND R A ~ / W A W E  

0 HzO+ ORBITER-PRODUCED ION ALWAYS PRLSENT 

DIRECTED ION R t : M S  OBSERVED I N  IJAKE AND WHEN ORBITER IS 
NEGATIVELY CIIARGLD 

0 INSTANCES Or IO0 VJ IONS AND El.EC'l'RONS I N  PAYlXlAO DAY 

LANGMUIR PROBE \ 
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STS-3 ORBIT AT TlTUDE 
MARCH 24,1982 
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TABLE 1 E 

ORBITER CC POTENTIAL 

0 

DAY E 3  NAD THE POP MOUNTED TO THE PALLET (AND GROUNDED TO ORBITER) 

b POP MEASURES THE AVERAGE POTENTIAL O f  ITS W I N  CARBON COATED SPHERES WITH RESPECT 

TO THE SPACECRAFT GROUND AND OBTAINS A MAXIMUM POSITIVE POTCNTIAL O f  3-4 VOLTS 

(NOT COUNTING ELECTRON GUN CMISSION TIMES) AND A MAXIHUM NECATIVC POTENTIAL OI 

- 2-3 V 

A PEAK POSITIVE POTENTIALS OCCURRED CLOSE TO SUNSET (DURING PAYLOAD BAY WAKC) 

b TllE ELECTRON GUN A W A Y S  DROVE M E  POTENTIAL Of?SCALC POSITIVE ( >  OV) WITH A 

RECOVERY TIME VARIABLE ?ROM SECONDS TO MINUTES 

A PEAK NECATIVC POTEtiTIALS OCCURRED APPROXIMATELY 1/2 ORBIT LATER AT ASCENDING NODC 

(DURING PAYLOAD BAY RAM) 

DAY 8 4  HAD THE POP ON THE RnS (STILL GROUNDED to ORBITER) 

A IIOURS 16130 TO 11130 H A 0  THE POP I N  A F IXED POSITION THC PAYLOAD 8AY.AND ARC 

SUITABLE fOR CC+IPARISON TO PREVIOUS DAYS RESULTS 

b ONE ORllXT PCRIODICITY STILL EXISTS WITH - 2SV VARIATION 

r 

ASCENDING NODE 
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STS-3/0SS-1 PLASM DIAGNOSTICS PACKAGE (PDP) MEASUREMENTS OF 
ORBITER TRANSMITTER AND SUBSYSTEM ELECTROMAGNETIC INTERFERENCE 

S. D. Shawhan and C. Murphy 
Univeraity of Iowa 

From: Proceedings of the Shuttle Environment Workshop, NASA 
Office of Space Science and Applications, Calverton, MD, 
Oct. 5-9, 1982. 
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1 . 0 INTRODUCTION 

This report  is intended t o  present  a quick-look ana lys i s  of t h e  Plasma 
Diagnostics Package (PDP) electromagnet ic  s p e c t r a l  measurements on t h e  
STS-3/0SS-l mission from March 1982. Fur ther  i n t e r p r e t a t i o n  of t h e  da t a  is 
awaiting a n c i l l a r y  information on t h e  opera t ion  of Orb i t e r  subsystems, such a s  
thrusters  and on t h e  d e t a i l e d  t r a j e c t o r y  and a t t i t u d e .  

The PDP r ece ive r  system is descr ibed to i d e n t i f y  the  var ious antennas and 
t o  charac te r ize  t h e  complement of r ece ive r s  which cover t h e  frequency range of 
30 Hz t o  800 MHz and S-Band a t  2200 2 300 MHz. Sample r e s u l t s  a r e  presented 
t o  show the  v a r i e t y  of e lectromagnet ic  e f f e c t s  assoc ia ted  w i t h  t h e  Orb i t e r  and 
the time v a r i a b i l i t y  of these  e f f e c t s .  The e l e c t r i c  f i e l d  and magnetic f i e l d  
maximum and minimum f i e l d  s t r e n g t h  s p e c t r a  observed during the  mission a t  t h e  
pallet  l oca t ion  are p lo t ted .  Values are a l so  der ived f o r  t h e  maximum UHF 
t ransmi t te r  and S-band t r a n s m i t t e r  f i e l d  s t rengths .  F ina l ly ,  c a l i b r a t i o n  d a t a  
t o  convert from t h e  survey p l o t s  t o  a c t u a l  narrowband and broadband f i e l d  
s t rengths  are l i s t e d .  

Support f o r  t h e  PDP on t h e  STS-3/OSS-l Hission was provided through 
NASA/MSFC Contract  NAS8-32807. OSS-1 Hission management was provided by 
NASAIGSFC . 
2.0 DESCRIPTION OF RECEIVER SYSTEH 

Sensors for t h e  de t ec t ion  of magnetic and e lec t r lc  wave f i e l d s  are 
i d e n t i f i e d  i n  F igure  1. TWO spheres  of 8 i nch  dlamcter ,  separated by 1.2 
meters make up t h e  electric d ipo le  antenna which is u t i l i z e d  from DC t o  20 MHz 
i n  frequency. Ca l ib ra t ion  measurements a t  NASA/GSFC before f l i g h t  ind ica ted  
t h a t  t he  e f f e c t i v e  electrical length  of t h i s  d ipo le  was only 0.22 meters 
because of t h e  proximity t o  t h e  PDP. For h igher  frequency e l ec t r i c  f i e l d s ,  a 
broadband s i n g l e  p o l a r i z a t i o a  horn antenna is u t i l i z e d .  It covers the  range 
of 20 pM+ through S-band a t  2200 MHz. In add i t ion ,  t he  sea rchco i l  sensor  is 
used t o  d e t e c t  t h e  magnetic f i e l d  component of e lectromagnet ic  waves from 
30 Hz t o  178 WIz. 
waves over  t h e  same VLF range of 30 Hz t o  178 Ut.  

The t n g m r i r  Probe is  s e n s i t i v e  t o  e l e c t r o s t a t i c  plasma 

A block diagram of t h e  PDP sensors  and assoc ia ted  rece ivers  is shown in 
Figure 2. One VLF range r ece ive r  from t h e  IHP program VLFR-IMP is switched 
between t h e  e lectr ic  d ipole ,  t h e  sea rchco i l  and the  hgnmui r  Probe sensors  
every 51.2 seconds t o  provide 16 channels of VLF spectra-30 Ht t o  178 kliz. 
In addi t ion ,  t h e  vaveform is preserved i n  t he  Wideband Receiver (WBR) and t h i s  
analog d a t a  is included in t h e  PDP data stream. Every 12.8 seconds the  WBR 
switches 10 kHz bands sequen t i a l ly  covering 0-10 kHz, 20-10 kHz and 20-30 kHz 
f o r  each sensor.  The VLFR-HELIOS always is connected t o  the  e l ec t r i c  d ipo le  
antenna t o  give  a peak and average spectrum every 1.6 seconds. 

The electric d ipo le  a lso d r i v e s  t h e  Medium Frequency Receiver (MFR) which 
covers  316 kHz t o  17.8 MHz i n  8 channels. This  MFR shares  a logari thmic 
d e t e c t o r  wi th  t h e  High Frequency Receiver (HFR) vhich has four  broadband 
channels spanning t h e  range of 20 MHz t o  800 MHz. Bandwidths f o r  the  VLFR and 
MFR a r e  narrower a t +  15% and 2 30%, respec t ive ly .  By mixing t h e  S-band 
signal down t o  the  HFR frequency range, t h e  same log  de tec to r  i s  used f o r  t he  
SBR by time multiplexing. 
1.6 seconds. 

Both peak and average spectra are obtafnined each 
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.A summary of the receiver charac ter i s t i c s  i s  given i n  Table 1. 
performance spec i f i ca t ions  for the receivers  and the other PDP instrument are 
given i n  Table 2 .  
approximate 

Detailed 

Note that the stated f i e l d  strength ranges are only 

PDP on P a l l e t :  Antennas Identlf  Led 

Figure 1 
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3.0 OVERVIEW OF ORBITER AC ELECTRIC FIELD ENVIRONMENT 

I n  Figure 3 I s  presented a 30 minute summary p l o t  of the  PDP measured 
e l e c t r i c  f i e l d s  from 30 Hz t o  S-band for GMT DAY 85 20:30 t o  21:OO. Noted in. 
t he  figure are t h e  v a r i e t y  of phenomena which have been de tec ted  dur ing  the  
mission. Note t h a t  f o r  each frequency, t h e  v e r t i c a l  s c a l e  represents  
approximately 100 dB of dynamic range. 

Very s h o r t  b u r s t s  I n  t h e  VLF range near  20:37 and 20:39 a r e  assumed to be 
due t o  t h r u s t e r  f i r i n g s .  
has been I d e n t i f i e d  as a broadband e l e c t r o s t a t i c  noise  which is Orblter-  
attitude dependent-It peaks when t h e  plasma i s  rammed i n t o  the  payload bay 
(-2 axis p a r a l l e l  t o  v e l o c i t y  vec tor ) .  
t h e  increased  I n t e n s i t y  as the  Fast Pulse Elec t ron  Generator (FPEG) emitts a 
50 ma beam of 1 keV e l ec t rons .  
t h e  RMS (Remote Manipulator System), the  noise  is seen in t h e  channels of t h e  
HFR. 
and t h e  plasma frequency (3-10 M i b ) .  

The changing V L F  f i e l d  s t r eng th  from 20:30 t o  20:37 

Also very obvious in t he  VLF range is 

AB t he  PDP is moved i n  and near t h e  beam by 

Probably these  emissions occur near  t h e  e l e c t r o n  gyrofrequency (- 1 MHz) 

These FPEG generated plasma waves do not extend up i n t o  t h e  HFR range, 
t y p i c a l l y .  
downlink t r ansmi t t e r .  
var ious  po in t s  j u s t  above t h e  payload bay, i t  sees d i f f e r e n t  S-band f i e l d  
s t r e n g t h  l e v e l s  as Indicated.  

At 271 MHz (165-400 MHz channel of t he  HFR) is  seen the  UHF 
Since  t h e  PDP is  being ro t a t ed  and posi t ioned a t  

Soma of these  e f f e c t s  are depic ted  i n  more d e t a i l  in the  next sect ion.  

Ffgure 3 
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The f o l l o w i n g  series of f i g u r e s  i l l u s t r a t e  t h e  time v a r i a b i l i t y  of t h e  
VLF e l e c t r i c  f i e l d  n o i s e  f rom time scales of s econds  t o  t e n s  of minutes.  
T y p i c a l l y  only  t h e  UHF and S-band t r a n s m i t t e r s  a r e  obse rved  above 178 kHz 
because  t h e  r e c e i v e r s  are less s e n s i t i v e  and p l a sma- re l a t ed  waves do n o t  
e x t e n d  t o  f r equency  above 10 MHz. Thus waves a t  f r e q u e n c i e s  of a few hundred 
k i l o h e r t z  t o  20 Miz are no t  s e e n  u n l e s s  t h e  FPEC i s  o p e r a t i n g .  

I n  F igu re  4 i s  s e e n  a -  60 dB o v e r a l l  ampl i tude  change i n  t h e  matter 10 
m i n u t e s  v i t h  s h o r t  b u r s t s  of on ly  seconds  i n  d u r a t i o n .  The o v e r a l l  t r e n d  is 
a t t r i b u t e d  t o  t h e  O r b i t e r a t t i t u d e  r e l a t e d  e l e c t r o s t a t i c  n o i s e .  Shor t  b u r s t s  
a r e  most l i k e l y  thrusters. For F i g u r e  4 ,  t h e  PDP is  stowed on t h e  p a l l e t  
whereas f o r  F i g u r e  5 t h e  PDP i s  on t h e  RMS. The o v e r a l l  l e v e l s  are no t  much 
d i f f e r e n t  but t h e  l e v e l s  do change v i t h  PDP r o t a t i o n .  T h i s  change i n d i c a t e s  
t h a t  t h e  n o i s e  s o u r c e s  are e i t h e r  s t r o n g l y  p o l a r i z e d  o r  what is more l i k e l y ,  
l o c a l i z e d  on t h e  O r b i t e r .  Note t h a t  BX i s  a component of t h e  e a r t h ' s  magne t i c  
f i e l d  which i n d i c a t e s  t h e  PDP r o t a t i o n .  

Experiment  and O r b i t e r  sys tems can  d e f i n i t e l y  a f f e c t  t h e  signal 
s t r e n g t h s .  When t h e  FPEC o p e r a t e s ,  l e v e l s  i n c r e a s e  b y -  20 dB. In  t h e  one 
case of a Pr imary  R e a c t i o n  C o n t r o l  System (PRCS) j e t  f i r i n g  a t  CMT DAY 85 
1 4 : 3 6 ,  t h e  n o i s e  a c t u a l l y  d e c r e a s e s  a t  t h e  h i g h e r  f r e q u e n c i e s .  The momentary 
g a s  o u t p u t  may modera te  t h e  Orbiter i n t e r a c t i o n  w i t h  t h e  plasma which p roduces  
t h e  broadband e l e c t r o s t a t i c  n o i s e .  

Evidence t h a t  t h e  broadband e l e c t r o s t a t i c  n o i s e  is nof due t o  a n  O r b i t e r  
subsys tem o r  i n s t r u m e n t  i s  p r e s e n t e d  I n  F i g u r e  7 a t  t h e  time of a payload  bay 
d o o r  c l o s i n g .  During t h i s  t h r e e  minute  i n t e r v a l ,  t h e  n o i s e  dropped below t h e  
r e c e i v e r  n o i s e  l e v e l s  a t  a l l  f r e q u e n c i e s .  Consequent ly ,  t h e  n o i s e  does n o t  
o r i g i n a t e  i n s i d e  t h e  bay; i t  is s h i e l d e d  by t h e  doors .  When the d o o r s  are 
opened ,  t h e  n o i s e  r e t u r n s .  If t h i s  n o i s e  is a s i g n i f i c a n t  problem t o  pay load  
i n s t r u m e n t a t i o n ,  i t  can be minimzed by d i r e c t i n g  t h e  bay away from t h e  
v e l o c i t y  v e c t o r .  

b-w-m I 

NOISE TIME VARIABILITY WITH THRUSTERS 

Figure  4 
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F i g u r e  7 

5.0 SPECTRUM OF ELECTROMAGNETIC NOISE 

Use has  been made of t h e  Wideband Analog Rece iver  (WBR) t o  de te tmine  t h e  
s p e c t r a l  n a t u r e  of t h e  e lectr ic  f i e l d  and magnet ic  f i e l d  noire. 
c o v e r i n g  0 t o  30 U s  f o r  s e v e r a l  minutes  of time are shovn i n  F i g u r e  8. The 
magnetic f i e l d  n o i s e  shows intense l i n e s  w i t h  spacinKs of EL, Ut, 10's Wt,  
and harmonics. F u r t h e r  work is  i n  p r o g r e s s  t o  i d e n t i f y  t h e  exact f r e q u e n c i e s  
and t h e i r  change w i t h  time. 
w i t h  d a t a  c l o c k s  and power c o n v e r t e r s .  

S p e c t r a  

It is surmized t h a t  t h e s e  l i n e s  are a s s o c i a t e d  

On t h e  o t h e r  hand, t h e  e lectr ic  f i e l d  s p e c t r a  show a " v h i t e  noire" 
c h a r a c t e r i s t i c  which does  not change m c h  w i t h  time. 
door c l o s i n g ,  veak s p e c t r a l  l i n e s  vere e v i d e n t  s i n c a  t h e  e x t e r n a l  broadband 
n o i s e  vas screened  out .  Note t h a t  t h e  WBR h88 an  a u t o m a t i c  g a i n  c o n t r o l  80 

t h a t  t h e  ampl i tude  v a r i a t i o n s  of F i g u r e  4, f o r  example, are not ev ident .  

b r i n g  t h e  p8yload b8y 

By s e a r c h i n g  o v e r  extended p e r i o d s  w h i l e  t h e  PDP war stowed on t h e  
F a l l e t ,  v a l u e s  f o r  t h e  minimum and t h e  maximum n o i s e  l e v e l s  have been obtained 
and d i s p l a y e d  i n  F i g u r e  9.  These v a l u e s  are c a l i b r a t e d  i n  v o l t s  p e r  meter and 
no rma l i zed  t o  a 1 MtL bandwidth. The e lectr ic  scales as 20 l o g  ( e l e c t r i c  
f i e l d ) ,  whereas,  t h e  bandwidth scales as 10 l o g  (bandwidth)  as t h e  d a t a  are 
p r e s e n t e d .  
limits f o r  t h e  S h u t t l e  i t s e l f  and f o r  a payload. When t h e  FPEG is not  
o p e r a t i n g ,  above t h e  1L kHz c u t o f f ,  t h e  nuximum l e v e l  (open c i rc les)  does not 
exceed t h e  payload limit. 
t h e  l e v e l s  are  i n c r e a s e d  by - 20 dB i n  t h e  VLF range. 

Also p l o t t e d  f o r  comparison are  t h e  broadband e lec t r ic  f i e l d  

When t h e  FPEC o p e r a t e s  w i t h  t h e  PDP i n  t h e  beas, 

Narrowband magnetic f i e l d  s t r e n g t h s  are much less v a r i a b l e  (<  t 10 dB) 
from t h e  minimum t o  maximum observed l e v e l s .  These l e v e l s  are not  
O r b i t e r a t t i t u d e  dependent  and i n  f a c t ,  t h e  l e v e l s  were above t h e  maximum 
door-opened l e v e l s  w i t h  t h e  payload bay d o o r s  c losed .  It is s u m z e d  t h a t  
t h e s e  l e v e l s  a r e  due to O r b i t e r  subsystems which should be s l i g h t l y  time 
dependent as systems t u r n  ON/OFF. During FPEG o p e r a t i o n s ,  l e v e l s  i n  t h e  
1-100 kHr range a r e  i n c r e a s e d .  
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6.0 UHF AND S-BAND TRANSMITTER FIELD STRENGTHS 

One f i l t e r  c h a n n e l  of t h e  PDP HFR c o v e r e d  t h e  band of 165-400 MHz which 
i n c l u d e s  t h e  295 MHz f r e q u e n c y  of t h e  UHF v o i c e  downl ink  t r a n s m i t t e r .  When 
t h i s  transmitter was keyed  ON and c o n n e c t e d  t o  t h e  u p p e r  a n t e n n a ,  a s i g n a l  was 
d e t e c t e d  by t h e  PDP as shown i n  Figure 3. These  measured f i e l d  s t r e n g t h s  were 
a lways  below 0.5 V / m  w i t h  t h e  PDP on t h e  RMS and below 0.1 V l m  a t  t h e  PDP 
p a l l e t  l o c a t i o n .  Average and peak f i e l d  s t r e n g t h s  are g iven  I n  t h e  f o l l o w i n g  
t ab le :  

Peak L o c a t i o n I F i e l d  S t r e n g t h s  2 2dB Average - 
PDP on Pa l le t  a t  13 meters f rom Antenna .OS V / m  0.08 V l m  
PDP on RMS a t  8 meters from Antenna .23 .44 

These  l e v e l s  are w e l l  known below t h e  s u g g e s t e d  r a d i a t e d  s u s c e p t i b i l i t y  
f i e l d  s t r e n g t h s .  

A t  S-band, t h e  150 watt d a t a  downl ink  t r a n s m i t t e r  (2287.5 HHz) c a n  
p roduce  f i e l d s  which  are modeled t o  be 49 .6  VImR (meters) i n  t h e  beam of  t h e  
s e l e c t e d  "quad" a n t e n n a .  Even a t  many meters, t h e s e  f i e l d s  c o u l d  be a t  damage 
l e v e l  f o r  pay load  i n s t r u m e n t s  o r  f o r  s a t e l l i t e s  b e i n g  m a n i p u l a t e d  by t h e  RMS. 
The SBR was e s p e c i a l l y  d e s i g n e d  t o  measure t h e  f i e l d  s t r e n g t h s  i n  and around 
t h e  pay load  bay as shown i n  F i g u r e  3. These  measured l e v e l s  were a b o u t  
5 dB 2 2 dB h i g h e r  t h a n  t h e  modeled v a l u e s  b u t  comparable  t o  a c r u d e  . 
t h e o r e t i c a l l y  c a l c u l a t e d  v a l u e  as f o l l o w s :  
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Fie ld  Strengths  Relat ions 
( v / m )  

P red ic t ed  F ie ld  Strengths  49.6 /R (meters) 
Measured wi th  PDP (2 2 dB) 90.3 /R (meters) 
Calcu la ted  @ (150 Watts) 94.9 /R (meters) 

The ca l cu la t ed  va lue  assumes t h a t  a l l  of t h e  power is emitted I n t o  a 
hemisphere (2 n s t e r a d i a n s )  wi th  100% e f f i c i ency .  

In  t h e  antenna beam, t h e  f i e l d s  exceed 20 V/m i n s i d e  of 5 meters. 
However, with the PDP on t h e  p a l l e t  a t  a range of 13 meters off  the  edge of 
t h e  beam, t h e  f i e l d s  were not  observed a t  t h e  threshold of 2 V / m  whereas the  
in-beam p r e d i c t i o n  would be 7V/m. Consequently, payload bay inst rumentat ion 
is no t  subjec ted  t o  damage l eve l s .  

Becaure of t h e  v a r i e t y  of bandwidthr, t h e  dynamic range is l i s t e d  in t he  
fo l lowin8  tab le :  

Center Freqency Bandwidth Minimum Haximum Slope 

40 MHz 20 - 65 MHz -40 dBV/m +32 dBV/m 16 dB/V 
100 65 - 165 -40 +32 16 
250 165 - 400 -3 1 +4 1 
6 00 400 - 800 -22 +52 16 

l6 . 
d B V / m -  Maximum d B  + 16 d B  V/m * Output Voltage -80 dB 

7.4 SBR - 
Only t h e  l i n e a r  d e t e c t o r  on t h e  S-band system operated.  An RF re l ay  

f a i l u r e  prevented t h e  S-band signal from g e t t i n g  t o  t h e  log-detector. Using 
c a l i b r a t i o n s  a t  GSFC and Iowa before  f l i g h t  and re -ca l ibra t ion  a f t e r  f l i g h t ,  
it is determined t h a t  t h e  l i n e a r  response is 

V/m - 5.7 * Output Voltage a t  2287.5 MTt Boresight 

g iv ing  a f i t  t o  t h e  f i e l d  with range of about 

90 V/m 
V/m - R (meters) 

where R is t h e  d i s t ance  from the  
i n  t h e  nominal beam. 

S-band quad antenna 

8.0 COMKENTS 

Comprehensive sets of Orb i t e r  noise  spectrum measurements have been  
obtained. It is found t h a t  t he  noise  l e v e l s  do not exceed t h e  worst case 
pred ic t ions  f o r  t h e  Orbi te r .  
more s e n s i t i v e  t o  ob ta in  t h e  science and t h e  EM1 data  on Spacelab-2 espec ia l ly  
s ince  the  PDP measures t h e  Orb i t e r  a t  100 meters range. It is hoped t h a t  
t hese  improvements in s e n s i t i v i t y  can be made f o r  Spacelab-2. 

Consequently, the  rece ivers  real ly  need t o  be 
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ORBITER-GLNCRATEO ELECTROSTATIC NOISL 

OBSERVE0 CHARACTERISTICS 

b SPECTRAL LXTCNT - 30 HZ fo 178 KHZ 

b SPECTRAL PCAK - 0.1 V/M 0 . 3  KHZ 

b V A R I A B I L I T Y  - 70 OI OVCR ORBIT  

b 

b LOCATION - COMPLLTCLY OXSAPPCARS WITH PAYLOAD BAY CLOSED: 

I M P L I E S  LXTLRNAL M) ORlXTCR 

MAGNETIC CWPONCNT - NONE OLTCCTABLL OVCR OROXTCR MACNCTIC Y I f L D  E M 1  
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- SEC u)w FREOUCNCY A T  A L L  ATTITUDCS- CXCCPT LXACTLY WAKC 

- SEL HIGH tRE@UfNCY ONLY - M M  

f 
0 T L N T A T I V E  INTERPREThTION 

b WAVC WDC ION ACOUSTIC 

A PNASC/GROUP VKLOCITY v - 2 I I 101 M / S K  

A MXW1MUM WAVCLENGTH 4 tMXN, - 2 - &  (DCBYCI 

i IMINI - 0.02 wctfns 
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S H l f ?  fREOUP14CY 
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L MIHIMUM rnewmcr t IHZN) - V / l  I M A X )  - IO H2 

POSSIBLE ORBIT CINCRGY O I S S l P A T I O N  

w - I I 10-9 JOUI.S/J 
b VOLUMP ESTlMATE V -  (10  U R W O R  R A O X I ) ]  - ( R i ) ]  

v - 2.2 1 10) m l  

A TOTAL ENERCY/'JOLUMC W.V - 3 I IO" Joules 

w . v 
P Im, velocity 

P - 4 I 1 0 - 1  
d 
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TABLE 9A 
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V/M e 1M 
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ABSTRACT 

The Plasma D iagnos t i cs  Package (POP), which f lew as 
p a r t  o f  t h e  NASA O f f i c e  o f  Space Science (OSS-1) 
pay load on 575-3 cons is ted  o f  an inst rument  comple- 
ment capable o f  c h a r a c t e r i z i n g  the plasma envi ron-  
ment i n  and around t h e  Space S h u t t l e  Orb i te r .  
These measurements coupled w i t h  those made by the  
Veh ic le  Charging and P o t e n t i a l  (VCAP) experiment 
a l s o  on OSS-1. as w e l l  as d iagnos t i cs  from subse- 
quent f l i g h t s ,  p rov ide  i n s i g h t  i n t o  t h e  e f f e c t s  a 
l a r g e  v e h i c l e  such as t h e  O r b i t e r  has on t h e  iono-  
spher i c  plasma. M o d i f i c a t i o n  o f  t he  environment by 
contaminat ion such as O r b i t e r  outgassing, t h r u s t e r  
o p e r a t i o n  and water  dumps r e s u l t s  i n  a l t e r e d  neu- 
t r a l  pressure,  m o d i f i e d  plasma d e n s i t y  and an a l -  
t e r e d  chemical composit ion. The phys i ca l  s i z e  and 
v e l o c i t y  o f  t h e  O r b i t e r  v e h i c l e  produces a plasma 
wake, generates e l e c t r i c  f i e l d s ,  r e s u l t s  i n  sur- 
f ace  e f f e c t s  and generates broadband e l e c t r o s t a t i c  
noise. 

Keywords: Large Veh ic le  I n t e r a c t i o n .  Wake. 
Ionospher i c  Plasma. S h u t t l e  Environment 

1. INTRODUCTION 

1.1 Background 

U n t i l  t h e  f l i g h t  o f  STS-3 i n  March 1982 l i t t l e  op- 
p o r t u n i t y  was a v a i l a b l e  t o  study t h e  i n t e r a c t i o n s  
o f  a v e h i c l e  whose sca le  was l a r g e  compared t o  an 
i o n  gy ro rad ius  and t h a t  was moving a t  a h i g h  ve lo-  
c i t y  w i t h  respec t  t o  a r e l a t i v e l y  dense and cool  
plasma. Table 1 summarizes the  plasma parameters 
i n  t h e  FZ ionosphere and inc ludes  O r b i t e r  parame- 
t e r s  o f  i n t e r e s t .  

Ex tens i ve  t h e o r e t i c a l  work has been done on t h e  
problem o f  plasma wakes. Stone (Ref. 1) prov ides 
an e x c e l l e n t  summary o f  t h i s  research and more re -  
c e n t l y  Samir e t  a l  (Ref. 2) have s tud ied  t h e  expan- 
s i o n  o f  a plasma i n t o  a vacuum and d iscussed such 
phenomena as i o n  streams, r a r e f a c t i o n  waves, and 
plasma i n s t a b i l i t i e s  and suggest app rop r ia te  i n  
s i t u  measurements on the  space s h u t t l e .  

1.2 Ins t rumen ta t i on  

Inst ruments aboard the  Plasma D iagnos t i cs  Package 
(POP) were designed t o  measure thermal p a r t i c l e  
d e n s i t i e s  and temperatures, ene rge t i c  p a r t i c l e  
d i s t r i b u t i o n  func t i ons ,  e l e c t r i c  and magnetic 

Table 1. 

~~~~ 

Plasma Parameters 

Ambient Densi ty  ne E 105 - 106 cm-3 
Ambient Temperature Te s 1200° - 2400’K 
E l e c t r o n  Gyroradius 4.3 cm 
Ion  Gyrodadius - 4m (O+) 
I on  Thermal Speed 1.3 km/sec 

O r b i t e r  Parameters 

V0l-b = 7.8 km/sec Surface Area: 

Mach # 5-8 Conductor - 60d 
C h a r a c t e r i s t i c  Length 37m long, 24m wingspan 

I n s u l a t o r  - 1400d 

f i e l d s .  and e l e c t r o s t a t i c  and e lec t romagne t i c  
waves. Table 2 l i s t s  the complement o f  i n s t r u -  
ments aboard t h i s  experiment and the  parameters 
t h e y  measure. The PDP was designed bo th  f o r  on 
p a l l e t  measurements and as an RMS (Remote Manipu- 
l a t o r  System) probe. The PDP was l i f t e d  ou t  o f  
t h e  bay w i t h  t h e  RHS and maneuvered around the Or- 
b i t e r  i n  sequences designed t o  measure the  e lec -  
t r i c  and magnetic f i e l d s ,  e l e c t r o s t a t i c  and e lec -  
t romagnet ic  waves as w e l l  as the  thermal  and ener- 
g e t i c  p a r t i c l e  environment. 

Other i n v e s t i g a t i o n s  o f  i n t e r e s t  t o  t h i s  d iscus-  
s ion  t h a t  were p a r t  o f  t he  OSS-1 payload were t h e  
VCAP (Veh ic le  Charging and P o t e n t i a l )  experiment 
and the  FPEG (Fast Pulse E l e c t r o n  Gun). ( F o r  a 
complete d e s c r i p t i o n  o f  t he  OSS-1 experiment com- 
plement see Neupert e t  a l  Ref. 3). The VCAP inves-  
t i g a t i o n  cons is ted  o f  charge and c u r r e n t  probes 
( p r i m a r i l y  f o r  measuring v e h i c l e  capaci tance w i t h  
respect  t o  the  plasma), a Langmuir Probe (LP) f o r  
measurement o f  e l e c t r o n  d e n s i t y  and temperature 
and a Spher ica l  Retard ing P o t e n t i a l  Analyzer  
(SRPA) f o r  i o n  dens i t y  and temperature. 

1.3 The STS-3 Miss ion 

Since STS-3 was s t i l l  a f l i g h t  t e s t  miss ion,  t he  
payload had a low p r i o r i t y  f o r  s e l e c t i o n  o f  f l i g h t  
a t t i t u d e  and the  one chosen as a compromise f o r  
t h e  p a y l o a d / o r b i t e r  ObJeCtiVeS lead t o  d i f f i c u l -  
t i e s  i n  s o r t i n g  out  d a y l n i g h t  and ram/wake 

Proceediitgs OJ rhr 17th &SLAB S v m p o w m  on ‘SpocrcrufflPlasma Iilrerucfroits u r d  rheir Iirllurnre on Field and Porricle 
Meosuremenrs‘, Noordwyk,  The Nefherlunds. 13-16 Sepl. 1983. (ESA SP-198, publ. December 1983). 



74 C B \ l L R P H Y &  4L 

Tahlp 2. f i r s t  I S  Induced c o n t a n i n a t i o n  which w i l l  be 
t redtect  o n l y  h r i e f l y  and the  second dre  e f f e c t s  i n -  
diiced b y  the  v e h i c l e ' s  s ize ,  v e l o c i t y  and e l e c t r i -  

0 LOW ENERtiY PROTON AND ELECTRON OIFFERENTIAL ca I proper t ies .  
ENERGY ANALYZER (LEPEDEA) 

- Flonthermal E l e c t r o n  and Ion Energy Spectra 
and P i t c h  Angle D i s t r i b u t i o n s  f o r  P a r t i c l e  
Energies between 2 eV and 50 r e v  

NP 

0 AC MAGNETIC WAVE SEARCHCOIL SENSOR 

- Magnetic F i e l d s  w i t h  a Frequency Range 
o f  30 HZ t o  178 kHz 

0 TOTAL EPIERGETIC ELECTRON FLUXMETER 

- E l e c t r o n  F lux  Id - Id" E l e c t r o n s l c d  Sec 

ac ELECTRIC AND ELECTROSTATIC WAVE ANALYZERS 

- Spectra w i t h  a Frequency Range o f  30 Hz t o  
800 MHz 

- E l e c t r i c  F i e l d  S t rength  a t  S-Band, 2 .2  GHz 

0 OC ELECTROSTATIC DOUBLE PROBE WITH SPHERICAL 
SENSORS 

- E l e c t r i c  F i e l d s  i n  one a x i s  from 4 m V / n  t o  

I 
4 V/m 

0 OC TRIAXIAL FLUXGATE MAGNETOMETER 

- Magnet ic F i e l d s  from 12 M i l l i g a u s s  t o  
1.5 Gauss 

0 LANGMUIR PROBE 

107 cm-3 
- Thermal E l e c t r o n  D e n s i t i e s  between lo3 and 

- Dens i ty  I r r e g u l a r i t i e s  w i t h  Frequencies o f  
. 5  HZ t o  178 kHz 

0 RETARDING POTENTIAL ANALYZER/DIFFERENTIAL ION 
FLUX PROBE 

- I o n  Number Dens i ty  from l@ t o  lo7 
- Energy D i s t r i b u t i o n  Func t ion  below 6 eV 

- D i r e c t e d  Ion  V e l o c i t i e s  up t o  15 km/sec 

0 I O N  MASS SPECTROMETER 

- Mass Ranges o f  1 t o  64 Aton ic  Mass U n i t s  

- Ion D e n s i t i e s  f r o n  20 t o  2 X lo7 Ions c r 3  

0 PRESSURE GAUGE 

- Ambient Pressure f r o n  IO-) t o  Torr 

e f f e c t s .  The a t t i t u d e  o f  the  O r b i t e r  f o r  a l l  O f  
t h e  PDP data presented hare i s  r e f e r r e d  t o  as Nose- 
To-Sun ( N T S )  w i t h  a Zx  o rb  r a t e  r o l l  (see 
F i g u r e  1). Th is  a t t i t u d e  r e s u l t s  i n  d C y c l i c  
ranlwake c y c l e  f o r  i n s t r u n e n t s  i n  the  payload bay 
such t h a t  maxinum ran occurs around ascending node 
and maximum wake a t  descending node. 

SlP 
f i g u r e  1. S T S - 3  O r b i t  A t t i t u d e  

2 .  I N T E R A C T I O N  V I A  CONTAMINATION 

E lec t romagnet ica l l y ,  the  O r b i t e r  i s  r e l a t i v e l y  
clean. Shawhan and Murphy (Ref. 4 )  i n d i c a t e d  t h a t  
bo th  t r a n s m i t t e r s  and u n l n t e n t i o n a l  i n t e r f e r e n c e  
a r e  w e l l  below I n t e r f a c e  Cont ro l  Oocument specs. 
The predominant no ise  tu rned ou t  t o  be the  u b i q u i -  
tous broad band e l e c t r o s t a t i c  n o i s e  which w i l l  be 
discussed i n  the  nex t  sect ion.  

The p r i n c i p l e  form o f  m o d i f i c a t i o n  v i a  contamina- 
t i o n  takes the  form o f  chemical re leases. These 
chemicals; water,  n i t r o g e n .  hydrogen and t races  o f  
o t h e r  heav ie r  molecules, e n t e r  the  Iono\[ ihPrP ds a 
r e s u l t  o f  O r b i t e r  outgassing, t h r u s t e r  f i r i n q s .  and 
water dumps. I n  a d i s c u s s i o n  o f  thp  press i r rp  en- 
vironment. Shawhan and Murphy (Ref. 5 )  p o i n t e d  t o  
h i g h  payload bay outgassing r a t e s  t h a t  b r i n g  neir- 
t r a l  pressure t o  4 x t o r r  when the  doors d re  
c l o s e d  i n  o r b i t .  The gas c l o u d  d i d  no t  decredsp 
s i g n i f i c a n t l y  as t h e  miss ion  progressed evidenced 
by enhanced pressures when t h e  payload hay wds 
tu rned "Top-To-Sun" on t h e  s i x t h  day o f  the  1111s- 
s ion.  

A Bennett Ion Mass Spectrometer u t i l i z i n y  r e t d r d i n ( i  
p o t e n t i a l s  was capable o f  separa t ing  the  dlllbiPflt 
ionospher ic  ions  from those re leased by the  Orh i -  
t e r .  Resul ts r e p o r t e d  by Grebowsky e t  d l  ( R e f .  h )  
i n d i c a t e  t h a t  t h e  expected O+ i o n  IS predoi i i lnnnt. 
b u t  t h a t  t h e r e  i s  d s i g n i f i c a n t  amount o f  t12Uf, N11' 
and C02'. N a r c i s i  e t  a l  (Ref. 7 )  on a subseqir ivt 
s h u t t l e  f l i g h t ,  c o n f i r m  t h e  presence o f  h l g h  r i m -  
c e n t r a t i o n s  o f  H20+ and noted t h a t  a t  t imes ov(2r 
one-hal f  o f  the  dmbient O+ has been converted t o  
H20' by a r e a c t i o n  w i t h  water vapor i n  the  Orh i t ts r  
v l c l n l t y .  

E f f e c t s  o f  t h e  Space S h u t t l e  O r b i t e r  on the  iono- Th is  molecular contaminat ion i s  accentuated hy 
s p h e r i c  plasma w i l l  be discussed i n  two p a r t s .  The t h r u s t e r  operat ion.  The dominant n e u t r a l  species 
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re leased by the  NzO4/hydrazine a t t i t u d e  c o n t r o l  
t h r u s t e r s  i s  H20 (32% mole f r a c t i o n ) ,  N2 ( 3 1 % )  and 
HZ ( 1 7 % ) .  These n e u t r a l s  a c t  t o  dep le te  t h e  sur-  
round ing  plasma by means o f  recombinat ion reac- 
t i o n s .  N a r c i s i  e t  a l ,  repor ted  an order  o f  niagni- 
tude decrease i n  ambient O+ d e n s i t y  when t h r u s t e r s  
a r e  f i r e d .  I n  a d e t a i l e d  r e p o r t  summarizing the  
observed e f f e c t s  o f  t h r u s t e r s  on t h e  l o c a l  plasma 
Miirphy e t  a 1  (Ref. 8) po in ted  t o  plasma tu rbu lence,  
riiniiirntary increases i n  pressure and e l e c t r o n  densi-  
t y  as  well a s  enhancement o f  broadband e l e c t r o s t a -  
t i c  no ise  t h a t  were assoc ia ted  w i t h  t h r u s t e r  
i 'vr-nts. Ahrupt s h i f t s  i n  spacecra f t  p o t e n t i a l  were 
d l 5 0  fic)tPCI w i t h  the  admonit ion t h a t  events were ex- 
t r r i i i r l y  v d r i d h l e  and depended on O r b l t e r  o r i e n t a -  
t i o n  4 5  w e l l  as  the  I n c a t i o n  o f  the  t h r u s t e r  w l t h  
r r z p c t  t o  t h e  sensor. 

3. INTERACTIONS RESULTING FROM VEHICLE M O T I O N  

3.1 The Plasma Wake 

As can be seen i n  Table 1, the  s i z e  and speed o f  
t h e  O r b i t e r  enables i t  t o  produce a s i g n i f i c a n t  
plasma wake. Several i n v e s t i g a t o r s  have t-easured 
i o n  and e l e c t r o n  energies and d e n s i t i e s  i n  t h i s  
wake. R a i t t  and S isk ind  (Ref. 9)  repor ted  four  o r -  
ders  o f  magnitude decreases i n  t h e  e l e c t r o n  d e r s i t y  
i n  t h e  near wake and noted e leva ted  tenpera tures  o f  
> 4000'K. They had d i f f i c u l t y  i n  g e t t i n g  r e l i a b l e  
tempera ture  measurements because of t h e  severe 
plasma t u r b u l e n c e  present near the  O r b i t e r  m i c b  
had n o t  been seen on small  spacecraf t .  Data reduc- 
t i o n  f o r  t h e  PDP Langnuir  Probe i s  s t i l l  i r  a p re-  
l i m i n a r y  s t a t e ,  bu t  comparisons w i t h  R a i t t ' s  cata 
(Ref. 9) from t h e  V C A P  i n v e s t i g a t i o n  has ;rovined a 
c ross  c a l i b r a t i o n  p o i n t  and q u a l i t a t i v e  acreener? 

i s  good. F igure  2 shows the  rieasured e l e c t r o n  aer-  
s i t y  as a f u n c t i o n  of  a t t a c k  angle f ror i  the  PUP da- 
ta .  An angle o f  0" corresponds t o  ran c o n d i t i o n  
(payload bay p o l n t i n g  I n t o  v e l o c i t y  v e c t o r )  and 
180' i s  wake c o n d i t i o n .  Since these data have an 
abso lu te  scale t h a t  i s  u n c e r t a i n  by a f a c t o r  o f  2 
t o  5,  they are  p r i m a r i l y  noteworthy i n  t h a t  t n e  4 
orders  o f  i iagni tude d e p l e t i o n s  are  a l s o  ev ident .  
Measurenents made by the  PDP on the  W S  a r n  a t  d i s -  
tances 5 t o  10 meters from t h e  payload bay show de- 
p l e t i o n s  which are  narrower i n  s p a t i a l  e x t e n t  and 
o f  on ly  2 t o  3 orders o f  nagni tude. Since maxinum 
ram occurs a t  a p p r o x i n a t e l y  sunr ise  a r d  vaxinum 
wake a t  sunset, the  c o r r e c t i o n  f o r  d a y l n i g h t  densi-  
t y  d i f f e r e n c e s  i s  unnecessary t o  f i r s t  order.  

Stone e t  a l  (Ref. IO) r e p o r t e d  d i f f e r e n t i a l  i o n  
f l o w  measurements naoe w i t h  the  PDP w h i l e  on the  
RMS. Ion streams up t o  40' from the  angle o f  a t -  
tack and w i t h  10% of t h e  f u l l  ram c u r r e n t  d e n s i t y  
were observed. These secondary streams had not  
been p r e v i o u s l y  observed and are  as y e t  unex- 
p l  a i  ned. 

4. VEHICLE CHARGING AND ASSOCIATED ELECTRIC 
FIELDS 

Several exper inentors  have measured v e h i c l e  poten- 
t i a l  a t  F 2  reg ion  a l t i t u d e s  and low i n c l i n a t i o n  or -  
S i t s .  Shawhan and Purphy (Ref. 5 )  measured t h e  po- 
t e n t i a l  o f  two 5:nerical f l o a t i n g  probes w i t h  res-  
Pec: t o  t h e  O r b i t e r  chassis and repor ted  p o t e n t i a l s  
o c  severa l  v o l t s  n i t h  no e l e c t r o n  gun opera t ion .  
l u r p h y  e t  a1 (Ref. 8 )  observed a dramat ic s h i f t  i n  
t n i s  v e h i c l e  p o t e n t i a l  accompanied by r a p i d  changes 
i n  t h e  e l e c t r i c  f i e l d  when t h r u s t e r s  f i r e .  
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Both K a i t t  and S i s k i n d  (Ref. 9)  and Shawhan and 
Murphy (Ref. 5 )  repor ted  the  p o t e n t i a l s  i ieasured by 
t h e i r  plasria probes dre  c o n s i s t e n t  w i t h  V x B * L 
charg ing  e f f e c t s  where L IS the  d is tance between 
t h e  main engine nozzles ( t h e  p r i n c i p l e  exposed con- 
d u c t i n g  sur face)  and the  probes. Any pass ive  
charg ing  due t o  e n e r g e t i c  e l e c t r o n s  o r  s i m i l a r  
sources appeared t o  be n e g l i g i b l e  and was a minor  
p e r t u r b a t i o n  t o  t h e  o v e r a l l  V x R e f f e c t .  

5. OPTICAL EMISSIONS 

One o f  t h e  s u r p r i s e s  o f  t h e  STS-3, was t h e  d iscov-  
e r y  by Banks e t  a l  (Ref. 11) o f  the  presence of  a 
glow near t h e  rain sur face  o f  the  veh ic le .  Th is  
glow, which inay be due t o  a chemical r e a c t i o n  near 
t h e  s u r f a c e  o f  t h e  v e h i c l e ,  has a b r igh tness  o f  1OK 
Ray le ighs  o r  g rea ter .  The p r e c i s e  br igh tness  de- 
pends on t h e  wavelength o f  t h e  emission. Th is  glow 
i s  n o t  e n t i r e l y  unprecedented and has been repor ted  
f rom Atmospheric Exp lo rer  (AE) observa t ions  a t  low 
a l t i t u d e .  Vee and Abreu (Ref. 12) i n  a d e t a i l e d  
s tudy  a t t r i b u t e d  the  AE r e s u l t s  t o  an i n t e r a c t i o n  
o f  atomic oxygen w i t h  t h e  v e h i c l e  surface. 

Papadopoulos (Ref. 13) speculated t h a t  t h e  s h u t t l e  
glow was a c r i t i c a l  i o n i z a t i o n  phenomena and pro- 
posed a s e r i e s  o f  measurements t o  determine i f  t h e  
s h u t t l e  behaves l i k e  an a r t i f i c i a l  comet. 

POP observa t ions  on STS-3 i n d i c a t e d  a surface pres- 
s u r e  enhancement on t h e  ram s i d e  o f  t h e  v e h i c l e  as 
g r e a t  as a f a c t o r  o f  200 over ambient (Ref. 5). 
These enhanced pressures would be c o n s i s t e n t  w i t h  
chemical  i n t e r a c t i o n  on o r  near t h e  v e h i c l e  sur face  
s i n c e  t h e y  a r e  2 t o  5 t i n e s  grea ter  than pressure  
enhancements i n  t h e  normal supersonic shock f r o n t .  

Recent f l i g h t s  o f  hand-held spectrometers should 
l e a d  t o  c o n f i r m a t i o n  o f  t h e  Yee and Abreu. o r  
Papadopoulos e x p l a n a t i o n  o r  perhaps t o  a new the- 
ory.  The glow seems most pronounced a t  lower a l t i -  
tudes and Banks e t  a l  (Ref. 11) a l s o  r e p o r t  t h a t  
t h e  glow i s  enhanced d u r i n g  and f o r  a b r i e f  p e r i o d  
f o l l o w i n g  t h r u s t e r  operat ions.  

Table 3 

6. ELECTROSTATIC N O I S E  

The most in tense emission observed a t  any frequency 
by t h e  POP plasma wave r e c e i v e r s  has been c a l l e d  
Broadhand O r b i t e r  Generated E l e c t r o  S t a t i c  (BOGES) 
noise. The c h a r a c t e r i s t i c s  o f  t h i s  n o i s e  as h r i e f -  
l y  repor ted  by Shawhan and Murphy (Ref .  4 )  a re  sum- 
marized i n  Table 3. The Table has been d i v i d e d  i n -  
t o  two columns designated "above and "below" t h e  
presumed Lower Hybr id Resonance ( L H R )  frequency. 
The marked d i f f e r e n c e  i n  degree o f  p o l a r i z a t i o n  o t  
these e l e c t r o s t a t i c  waves i s  i l l u s t r a t e d  i n  
F i g u r e  3. Note the  sharp peaks i n  emissions above 
LHR a t  o b l i q u e  angles t o  t h e  magnetic f i e l d .  The 
lower frequency waves show v i r t u a l l y  no p o l a r i z a -  
t i o n .  These observat ions were imade w h i l e  the  PDP 
was being maneuvered on the  RMS arm and were well 
o u t  o f  the  payload bay. A t  no t ime d i d  the  RMS 
move the  POP f a r  enough from the  O r b i t e r  t o  see a 
n o t i c e a b l e  decrease i n  t h e  i n t e n s i t y  o f  t h i s  noise. 
F i g u r e  4 i l l u s t r a t e s  t h a t  BOGES n o i s e  i s  r e l a t i v e l y  
i n t e n s e  anytime the  POP i s  ou t  o f  t h e  deep wake and 
t h e  small  v a r i a t i o n s  seen are  b e l i e v e d  t o  be l o c a l  
geometry e f f e c t s  no t  r e l a t e d  t o  t h e  plasma d e n s i t y  
as measured a t  the  POP. Note a l s o  the  data i n  
F i g u r e  4 i n d i c a t e  t h a t  h i g h  f requenc ies  disappear 
f i r s t  and reappear l a s t  as the  POP passes through 
t h e  wake cond i t ion .  Th is  i s  g e n e r a l l y  t r u e  f o r  a l l  
cases a l though t h e r e  i s  cons iderab le  v a r i a b i l i t y  
from o r b i t  t o  o r b i t  on t h e  d e t a i l s .  For  example, 
i f  spectrograms l i k e  F i g u r e  4 taken 12 hours apar t  
a r e  compared, t h e r e  are  cons iderab le  d i f fe rences  i n  
t h e  d e t a i l s  o f  the  behavior c l o s e  t o  maximum wake. 
The on ly  d i f f e r e n c e  i n  these cases i s  t h e  magnet ic 
f i e l d  d i r e c t i o n  a t  t h a t  p o i n t  i n  t h e  o r b i t  which 
i n f e r s  t h a t  t h e  genera t ion  o r  p ropagat ion  o f  these 
waves depends on t h e  magnet ic f i e l d  between t h e  
source o f  the  emission and t h e  d e t e c t o r .  Another 
c h a r a c t e r i s t i c  o f  t h i s  n o i s e  i s  t h a t  i t  i s  w e l l  
c o r r e l a t e d  w i t h  A N / N  tu rbu lence as measured w i t h  
t h e  POP Langmuir Probe. Peak AN/N values o f  1-3% 
are  observed when the  n o i s e  i s  most intense. Th is  
tu rbu lence and assoc ia ted  n o i s e  i s  inc reased by 
t h r u s t e r  opera t ions  and water dumps. 

Waves o f  a s i m i l a r  n a t u r e  near and below t h e  LHR 
frequency have been repor ted  by Koskinen e t  a l  
(Ref. 14) on t h e  Swedish S29 Barium-GEOS Sounding 
Rocket. 

1. Broadband: approximately 30 Hz t o  200 kHz w i t h  50 t o  70 d8 v a r i a t i o n  over o r b i t  

2 .  

3. 

4. Has d i s t i n c t l y  d i f f e r e n t  charac ter  above and below LHR 

Peak spec t ra l  d e n s i t y  occurs a t  100-300 HZ and i s  approximately 80 dB ~ V / M / ( H Z ) " ~  

Well c o r r e l a t e d  w i t h  plasma tu rbu lence as measured by AN/N spectrum 

Bel ow LHR: Above LHR: 

- Noise present f o r  v i r t u a l l y  whole o r b i t  b u t  - Evidence o f  i n c r e a s i n g  p o l a r i z a t i o n  a t  h i i j he r  
f requencies modulated by a t t i t u d e  and B - f i e l d  o r i e n t a t i o n  o f  

o r b i t e r  
- Peak i n t e n s i t i e s  o c c u r  when E - f i e l d  sensor d x i s  

- No evidence o f  s i g n i f i c a n t  p o l a r i z a t i o n  i s  30-45 degrees from B - f i e l d  al igninent 

- Seems t o  disappear Completely on ly  when POP i s  i n  

- P r i m a r i l y  e l e c t r o s t a t i c  

- E - f i e l d  i n t e n s i t y  as h i g h  as - 0 1  V/m a t  100 kHz 
o r b i t e r  wake observed 
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Several exp lana t ions  are a v a i l a b l e  (Ref. 14) fo r  
t h e  phenorienon observed on t h i s  and o the r  rocket  
f l i g h t s .  but  they do not  adequately e x p l a i n  a i l  
c h a r a c t e r i s t i c s  o f  t he  BOGES no ise observed on the 
S T S  O r b i t e r .  K i n t n e r  e t  a 1  (Ref. 15) descr ibed i o n  
a c o u s t i c  no i se  du r ing  a chemical re lease which they 
a t t r i b u t e d  t o  i o n - i o n  streaming between Cs*  and am- 
b i e n t  ions. Consider inq the  observat ion o f  i o n  
streams by Stone (Ref. 10) t h i s  nay be a candidate 
f o r  e x p l a i n i n g  the  S h u t t l e  induced noise. It i s  
impor tant  t o  no te  t h a t  n e i t h e r  o f  these observa- 
t i o n s  have d spect run q u i t e  l i k e  the BOGES no ise 
observed on STS-3. Much t h e o r e t i c a l  work i s  be ing 
done a t  present  d e a l i n g  w i t h  t h i s  problem. 
Papadopoulos (Ref. 16) i s  working t o  e x p l a i n  the  
no ise  spectrum by a c r i t i c a l  i o n i z a t i o n  v e l o c i t y  
phenomena d r i v e n  by plasma i n s t a b i l i t i e s .  I n i t i a l  
agreement looks good and r e s u l t s  w i l l  soon be pub- 
l i shed .  P a r r i s h  e t  a 1  (Ref. 17) have taken another 
approach seeking t o  use s t rong  turbulence theory t o  
produce hydrodynamic o r  i o n  acous t i c  waves. 
sent obse rva t i ona l  data may no t  be s u f f i c i e n t  t o  
choose t h e  c o r r e c t  t heo ry  but  a d d i t i o n a l  experlnen- 
t a t i o n  on Spacelab-2 should lead t o  a b e t t e r  under- 
s tand ing  o f  t h i s  phenomena. 

Pre- 

7. SUMMARY 

The f l i g h t  o f  t h e  S h u t t l e  O r b i t e r  through the  iono- 
sphere has proved t o  be an i n t e r s t i n g  plasma 
phys i cs  experiment. Oiscovery o f  t he  v e h i c l e  glow, 
secondary i o n  streams, BOGES no ise  and o t h e r  asso- 
c i a t e d  phenomena a r e  l ead ing  t o  an increased under- 
s tand ing  of  t h e  F2 i onospher i c  phys ics and chemis- 
t r y .  The f l i g h t s  o f  Spacelab-1 (1983) and 
Spacelab-2 (1985) c a r r y  plasma d iagnos t i cs  as w e l l  
as e l e c t r o n  and i o n  guns t o  s t i m u l a t e  plasma i n t e r -  
a c t i o n s  and study O r b i t e r  charging. Fu r the r  theo- 
r e t i c a l  work on the  i n s t a b i l i t i e s  c r e a t i n g  BOGES 
n o i s e  and the phys i cs  o f  t he  O r b i t e r  wake w i l l  pro- 
v i d e  f u r t h e r  guidance f o r  t he  experiments on these 
miss ions and u l t i m a t e l y  f o r  a Space Plasma Lab mis- 
s i o n  i n  t h e  1987 t ime frame. 
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INTRODUCTION 

A r t i f i c i a l l y  produced e l e c t r o n  beams have been used ex tens ive ly  during t h e  
p a s t  decade as a means of probing t h e  magnetosphere ( r e f .  l), and more r e c e n t l y  as 
a means of a c t i v e l y  c o n t r o l l i n g  spacec ra f t  p o t e n t i a l  ( r e f .  2). Experimentation i n  
t h e s e  areas has proven valuable ,  ye t  at t i m e s  confusing,  due t o  the  i n t e r a c t i o n  of 
t h e  e l e c t r o n  beam wi th  the  ambient plasma. The OSS-l/STS-3 Mission i n  March 1982 
provided a unique oppor tuni ty  t o  s tudy beam-plasma i n t e r a c t i o n s  a t  an a l t i t u d e  of 
240 km. On board f o r  t h i s  mission w a s  a F a s t  Pulse  Elec t ron  Generator (FPEG), 
which served as p a r t  of Utah S t a t e  Univers i ty ' s  Vehicle Charging and P o t e n t i a l  ex- 

eriment.  Measurements made by t h e  Plasma Diagnost ics  Package (PDP) while  extended 
n t h e  Orbi te r  RMS show modif ica t ions  of t he  ion and e l e c t r o n  energy d i s t r i b u t i o n s  
u r i n g  e l e c t r o n  beam i n j e c t i o n .  

I n  t h i s  paper, some of t he  observa t ions  made by charged particle d e t e c t o r s  are 
d iscussed  and r e l a t e d  t o  measurements of Orb i t e r  p o t e n t i a l .  
i n t o  t h r e e  sec t ions .  A b r i e f  d e s c r i p t i o n  of s e v e r a l  of t he  PDP instruments  appears  
f i r s t ,  followed by a s e c t i o n  desc r ib ing  the  j o i n t  PDP/FPEG experiment. 
s e c t i o n  c o n s i s t s  of observa t ions  made during e l e c t r o n  beam in j ec t ion .  

The paper is div ided  

The t h i r d  

INSTRUMENTATION 

The PDP carries a wide range of ins t ruments  f o r  t he  measurement of p re s su re ,  
waves, f i e l d s ,  and p a r t i c l e s .  A discuss ion  of t h e s e  instruments  and some of t h e  
pre l iminary  r e s u l t s  of t he  mission can be found i n  Shawhan et  al .  ( r e f .  3). Of in-  
terest f o r  t h i s  d i scuss ion  are the  charged p a r t i c l e  d e t e c t o r s ,  and t o  a lesser ex- 
t e n t ,  inst ruments  used t o  measure electric p o t e n t i a l  and the  geomagnetic f i e l d  i n  
t h e  v i c i n i t y  of t he  Orbi te r .  

The Low Energy Proton and Elec t ron  D i f f e r e n t i a l  Energy Analyzer (LEPEDEA) is a 
curved p l a t e  d e t e c t o r  capable of d e t e c t i n g  ions  and e l e c t r o n s  with energ ies  between 
2 e V  and 36 keV. It is nea r ly  i d e n t i c a l  t o  ins t ruments  flown on ISEE-1 and ISEE-2. 
The energy r e so lu t ion  of LEPEDEA is AE/E = 0.16, and 1.6 sec. is required f o r  a 
complete energy scan. The LEPEDEA f i e l d s  of view are shown i n  f i g u r e  1. The seven 
d e t e c t o r s  are sampled simultaneously and toge the r  have a 

y 162 degrees.  
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An e l ec t ron  fluxmeter is a l s o  included i n  the  PDP f o r  de t ec t ion  of e l e c t r o n s .  
instrument samples t he  e l e c t r o n  f l u x  independent of energy t en  times p e r  see- 

The fluxmeter i s  d i r e c t e d  opposi te  t o  t h e  LEPEDEA. It has a wide f i e l d  of 
with low angular  r e so lu t ion .  

Electric f i e l d s  were measured by two 20 c m  s p h e r i c a l  probes separated by 1.6m. 
The average p o t e n t i a l  between these  spheres w a s  measured r e l a t i v e  t o  O r b i t e r  ground 
with a range of 2 8 . 2 ~ .  
measure of the plasma p o t e n t i a l  i n  the v i c i n i t y  of t h e  PDP. 

When t h e  PDP w a s  extended on t h e  RMS, t h i s  p o t e n t i a l  w a s  a 

A triaxial f luxga te  magnetometer was used t o  measure magnetic f i e l d s .  The 
magnetometer sampled t h e  magnetic f i e l d  10 t i m e s  each second, along each of i t s  
3 axes with a r e s o l u t i o n  of 212 mgauss. 

THE J O I N T  PDP/FPEG EXPERIMENT 

J o i n t  ope ra t ions  between t h e  PDP and t h e  FPEG were conducted while t h e  O r b i t e r  
was i n  a nose-to-sun a t t i t u d e  with a r o l l  rate of twice p e r  o r b i t  (see f i g u r e  2). 
For t h e  experiment discussed i n  t h i s  paper, t h e  FPEG emi t t ed  a 50-mA, 1-keV, unmod- 
u l a t e d  e l e c t r o n  beam. A t o t a l  of eleven emissions occurred under both daytime and 
night t ime cond i t ions  and a t  var ious i n j e c t i o n  p i t c h  angles  with each emission ap- 
proximately f i f teen  minutes i n  duration. During t h e s e  i n j e c t i o n s ,  t h e  PDP w a s  de- 
ployed on the Orbiter RMS and moved about the Orbiter in an e f f o r t  t o  l o c a t e  the 
beam. 

The primary instrument f o r  l o c a t i o n  of t h e  beam w a s  an e l e c t r o n  f luxmeter  lo- 
c a t e d  on t h e  oppos i t e  s i d e  of t h e  PDP from t h e  LEPEDEA. 
beam, t h e  fluxmeter w a s  pointed downward toward t h e  FPEG a p e r t u r e  i n  t h e  O r b i t e r  
bay which l e f t  t h e  LEPEDEA looking away from t h e  e l e c t r o n  beam. Because of t h i s  
o r i e n t a t i o n ,  t h e  LEPEDEA d i d  not  d e t e c t  primary beam e l e c t r o n s .  A t  times, however, 
t h e  PDP w a s  r o t a t e d  through 90 degrees about i ts  s p i n  axis ( see  f i g u r e  1) which al- 
lowed t h e  LEPEDEA t o  view a range of p a r t i c l e  p i t c h  ang le s  inc lud ing  primary 
p a r t i c l e s .  

ie During t h e  sea rch  f o r  t h  

OBSERVATIONS 

Because of changing O r b i t e r  a t t i t u d e  ( twice pe r  o r b i t  r o l l  rate) and var ia-  
t i o n s  i n  the  geomagnetic f i e l d  over t h e  course of an o r b i t ,  a wide range of i n j ec -  
t i o n  p i t c h  angles  were observed. Ca lcu la t ions  by J. Sojka of Utah S t a t e  Universi ty  
show t h a t  f o r  i n j e c t i o n  p i t c h  angles  g r e a t e r  than about 60 degrees (depending on 
t h e  p r e c i s e  beam-orbiter o r i e n t a t i o n ) ,  t h e  beam i n t e r c e p t e d  t h e  Orb i t e r  su r f ace .  
A t  angles  less than t h i s  t h e  beam escaped. Q u a l i t a t i v e  a n a l y s i s  of charged p a r t i -  
c l e  and p o t e n t i a l  measurements made by t h e  PDP support  t h i s  ana lys i s .  

Ambient e l e c t r o n s  (photoelectrons)  were d e t e c t e d  with ene rg ie s  up t o  about 
80 e V  during t h e  day and 10 e V  a t  n i g h t ,  while i ons  were seen a t  ene rg ie s  p r i n c i -  
p a l l y  below 10 e V  during both day and night .  During beam i n j e c t i o n  a t  angles  less 
than 30 degrees,  i n t e n s e  f l u x e s  of e l e c t r o n s  were d e t e c t e d  a t  energies  up t o  the  
primary beam energy of 1 keV. V i r t u a l l y  no ions  were seen a t  these  times. En- 
hanced e l e c t r o n  f luxes  were observed a t  a l l  po in t s  a c c e s s i b l e  t o  the  PDP. However, 
due t o  the l imi t ed  reach of  the fils, no measurements were made a t  d i s t a n c e s  g r e a t  m 
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than 7m from the beam. For beam i n j e c t i o n ,  a t  angles  g r e a t e r  than 60 degrees ,  the 
easured ion and e l e c t r o n  f luxes o f t e n  resembled t h e  f l u x  seen with the beam o f f .  e Measurements of Orb i t e r  p o t e n t i a l  during small angle  i n j e c t i o n  a l s o  d i f f e r e d  

from the  ambient case. When the  beam w a s  o f f ,  t he  O r b i t e r  p o t e n t i a l  r e l a t i v e  t o  
t h e  nearby plasma remained < k 8 . 2 ~  c o n s i s t e n t  with V x B L ( r e f .  3). When the  
beam w a s  i n j e c t e d  a t  less than 30 degrees ,  t h e  p o t e n t i a l  was o f f s c a l e  and p o s i t i v e ,  
and dropped below t h e  m a x i m u m  measurable value of 8 . 2 ~  only a t  the  maximum d i s t a n c e  
from the  beam of 7m. P o t e n t i a l s  during l a r g e  angle  i n j e c t i o n s  were gene ra l ly  near- 
e r  t o  those measured with the  beam o f f .  

The observat ions tend t o  support  t h e  claim t h a t  t h e  beam did escape from t h e  
n e a r  v i c i n i t y  of t he  Orb i t e r  f o r  small angle  i n j e c t i o n ,  but did not a t  l a r g e r  an- 
g l e s .  The enhanced e l e c t r o n  f l u x  and e l eva ted  p o t e n t i a l  a s soc ia t ed  with s m a l l  an- 
g l e  i n j e c t i o n  may be due t o  escape of t h e  beam. If t h i s  is  so, t he  l a r g e  angle  
cond i t ions  which were so similar t o  ambient cond i t ions  could be due t o  t h e  e l e c t r o n  
beam impacting t h e  Orb i t e r  r a t h e r  than escaping. 
beam c u r r e n t  is c o l l e c t e d  so t h a t  t h e  dis turbance i s  l o c a l i z e d  and t h e  O r b i t e r  does 
n o t  need t o  charge. 

In t h i s  case, almost a l l  of t he  

F igu re  3 shows t h e  measured f l u x  during one of t hese  r o t a t i o n s  which took 
p l a c e  a t  a d i s t a n c e  of 7m from t h e  c e n t e r  of t h e  beam. Since t h i s  d i s t ance  is 
roughly t w i c e  t h e  gyroradius  of a 1 keV e l e c t r o n  t r a v e l l i n g  perpendicular t o  t h e  
magnetic f i e l d ,  t h e s e  measurements mst be of e l e c t r o n s  o u t s i d e  of t h e  primary 
beam. The angles  shown i n  f i g u r e  3 are t h e  p i t c h  angles  of e l e c t r o n s  as they were 
d e t e c t e d  by t h e  LEPEDEA. Angles g r e a t e r  than 90 degrees correspond t o  e l e c t r o n s  
t r a v e l l i n g  down t h e  f i e l d  l i n e s  from t h e  d i r e c t i o n  i n  which the  beam w a s  i n j e c t e d .  

g l e s  less than 90 degrees i n d i c a t e  e l e c t r o n s  moving up t h e  f i e l d  i n  the  same di-  
c t i o n  as the  outgoing beam. (9: reater than 140 degrees were not  sampled, t h i s  f i g u r e  seems t o  show a n e t  r e t u r n  

o f  e l e c t r o n s  along t h e  f i e l d  l i n e s  from t h e  d i r e c t i o n  i n  which the  b e a m  w a s  in-  
j e c t e d  i n d i c a t i n g  t h a t  more c u r r e n t  r e t u r n s  from t h e  upper hemisphere during up- 
wards i n j e c t i o n  than from t h e  lower. 

Although p i t c h  angles  less than 30 degrees and 

Based on t h i s  prel iminary a n a l y s i s  of measurements made during e l e c t r o n  beam 
emission, i t  appears t h a t  t h e  e l e c t r o n  b e a m  d i d  escape from t h e  Orbi ter .  These es- 
capes induced p o s i t i v e  Orb i t e r  p o t e n t i a l s ,  and were a s s o c i a t e d  with enhanced f l u x e s  
of e lec t rons .  During escape of the  beam, t h e r e  is evidence t h a t  t h e r e  w a s  a n e t  
f low of e l e c t r o n s  along t h e  magnetic f i e l d  from t h e  d i r e c t i o n  i n  which t h e  beam was 
i n j e c t e d  . 
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E l e c t r o n  f l u x  7m from t h e  beam ( 2  e V  < E < 36 keV). 
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INTRODUCTION 

The third Space Shuttle flight on Columbia carried instrumentation to measure 
thermal plasma density and temperature. Two separate investigations, the Plasma 
Diagnostics Package (PDP) and the Vehicle Charging and Potential Experiment (VCAP) , 
carried a Langmuir Probe, and the VCAP also included a Spherical Retarding Poten- 
tial Analyzer ( S R P A ) .  
PDP was attached to the pallet in the Orbiter bay and while the PDP was articulated 
by the RMS. 

The Langmuir Probe on the PDP made measurements while the 

Only those measurements made while the PDP is in the payload bay are 
iscussed here since the VCAP instrumentation remains in the payload bay at all 
imes and the two measurements are compared. 

Figure 1 illustrates the location of the PDP and VCAP instrumentation on the 
d 

science payload pallet. 

The principle thrust of this paper is to discuss the wake behind a large 
structure (in this case the Space Shuttle Orbiter) flying through the ionospheric 
plasma. Much theoretical work has been done regarding plasma wakes (ref. 1) and to 
a certain extent laboratory plasmas have provided an experimental and measurement 
b a s i s  set for this theory. The instrumentation on this mission gives the first da- 
ta taken with a large vehicle in the ionospheric laboratory. 

First, the PDP Langmuir Probe and its data set will be presented, then the 
VCAP Langmuir Probe and SRPA with associated data. 
tween the two data sets is then followed by some other PDP data which infers an 
even lower wake density. 

A discussion of agreement be- 

Lastly, conclusions, caveats and a description of future work which will fur- 
ther advance the measurement techniques and data set are put forth. 

PDP LANGMUIR PROBE RESULTS 

The PDP Langmuir Probe is a 6 cm diameter gold-plated sphere which is operated 
The swept mode which is of concern n two modes, the AN/N mode and the swept mode. 

“This work is supported by NASA/Lewis Research Grant No. NAG3-449 



The science pallet configuration on STS-3 showing 
the location of the instrumentation in question. 
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here is a 120 step voltage sweep which lasts 1.2 seconds and is executed 5 times 
per minute. 
5 x 106/cm3, the precise sensitivity depending on temperature. Operating in this 
mode, the Langmuir Probe has a current voltage characteristic whose slope is pro- 
portional to l/Te and which has a "knee" in the curve proportional to Ne. 

The nominal density range of the probe is approximately 5 x 10' to 

There are two limitations to the PDP Langmuir Probe measurements. The first 
occurs when the plasma is too dense to really see the entire knee of the curve re- 
sulting in instrument saturation and an underestimate of density. The second oc- 
curs when the plasma temperature is too high and density too low to get a reliable 
slope resulting in only an upper bound on density and lower bound on temperature. 

Figure 2 illustrates the electron density and temperature for one orbit as a 
function of vehicle attitude. (The data is repeated for a second orbit to provide 
clarity for the graph and illustrate a periodicity which is real). 
attitude is described by 81 and 82 which are illustrated at the top of the figure. 
Maximum wake occurs when the vehicle flies tail first with the plasma ramming into 
the Orbiter belly (e.g. GMT 83:20:48). At this point in time, the vehicle is 
flying a nose-to-sun attitude with a 2 times orbit roll. (See figure 2 in the pa 
per "Suprathermal Plasma Observed on the STS-3 Mission by the Plasma Diagnostics 

The vehicle 
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ackage, by Paterson et al. (ref. 2) in this issue for a description of this 

igure 2 by the e- density and neutral density (pressure) measurements. 
titude.) This results in a once per orbit ram/wake cycle which is evident in 

Several important observations summarize figure 2 :  

1. Although density is near ambient while the paylaod bay is neither pointing 
directly into the velocity vector or into the wake, there is evidence that 
the density may be 2 to 10 times ambient when the bay points close to the 
velocity vector. 
2 x 106 difficult. 
higher density regime is encountered. 

The probe saturates making reliable measurement above 
The region cross hatched in figure 2 is where this 

2 .  Density decreases rapidly as the Orbiter rolls into wake condition. 

3. The minimum reliable measurement of density with the PDP probe is 
approximately 5 x 102 /em3. 
is required to pull the sweep totally offscale which is subsequently 
observed to happen. The sweep remains offscale for approximately 
25 minutes centered around 83:20 :48 .  

At least another order of magnitude decrease 

4. During all non-wake conditions, the temperature remains relatively 
constant at about 1000" (530%). 

5 .  Temperature rises rapidly as density decreases. 

6. The highest reliable temperatures occur at 6000°K. However, the trend 
continues suggesting temperatures in excess of 7000OK in the deep wake. 

It is also worthwhile to note that in near ram condition the neutral density 
(pressure) was almost two orders of magnitude above ambient ionospheric conditions 
and fell below 10'' torr (the instrument sensitivity limit) during wake conditions . 

THE VCAP LANGMUIR PROBE AND SRPA 

Data on the characteristics of the ambient thermal plasma are extracted from 
the probes using a technique similar to that described by Raitt et al. (ref. 3) .  
This AC technique employed for the probes enables direct measurement of the second 
derivative of the SRPA currentvoltage characteristic and the first derivative of 
the LP current-voltage characteristic. 

The SRPA signal is obtained by adding two sinusoidal AC signals (at 8.5 kHz 
and 10.7 kHz) to a sawtooth sweep voltage. The probe current is passed through a 
narrow band amplifier that selects the difference freqency of 2.2 Wz, which is a 
measure of the non-linearity of the probe currentvoltage characteristic, and re- 
sults in a signal proportional to the second derivative of the currentvoltage 
characteristic. Two ac current ranges are available: 
and the other from -40 dB to 0 dB relative to amp rms. Each successive sweep 
of the probe alternates between the two ranges. Since the sweep period is 
17 seconds the complete dynamic range is covered each 34 seconds. 

one from -76 dB to -24 dB 
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Summary of PDP bngmuir Probe electron density and temperature as function of 
vehicle attitude. Neutral pressure measurements are included for reference. The 
cross-hatched areas are where the probe sweep saturates and the routine used to 
calculate Ne under-estimates density by as much as an order of magnitude. 
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The LP has only one AC signal (at 3.2 kHz) added to the sweep voltage. The 
plitude of the alternating component of the probe current derived by using a nar- .. row band amplifier tuned to 3.2 kHz enables the first derivative of the current 

voltage characteristic to be measured directly. A single dynamic current range, 
from -80 dB to +10 dB relative to lo6 amp rms, is used for all sweeps. 
of the sawtooth voltage is from -2 V to +3 V, the period and phase of the sweep be- 
ing synchronized to the SRPA sweep. 

The range 

Figure 3 illustrates data taken under similar conditions as that taken by the 
PDP, although at a differeht time. In this case the vehicle attitude is differ- 
ent, but the same angles are used to characterize the direction of the velocity 
vector. The addition of the dark bar on this figure serves to show when day and 
night occur during the orbit. 

The results of the Langmuir Probe (dotted line) and SRPA (solid line) general- 
ly confirm results of the PDP Langmuir Probe. VCAP Langmuir Probe temperatures are 
not plotted, but the following results are notable: 

1. Close to ambient (lOOO°K) ionspheric temperatures are measured during 
non-wake condition. 

2. As the Orbiter rolls into wake, a turbulence at all frequencies adds noise 
to the 3.2 kBz LP first derivative, but measurements indicate an increase 
in temperature to beyond 4000°K. 

VCAP LP densities indicate the following: 

1. An upper bound of electron density when the paylaod bay faces close to 
the velocity vector is 107/cm3. 

2. Density during wake conditions drops to below the instrument sensitivity 
of I@ e/&. 

The SRPA measurements are difficult to interpret since the peak in the second 
derivative as a function of sweep voltage for the dominant ionospheric ion is 
often contaminated by locally produced H20+ and NO+. 
observable, several observations prevail: 

When the peak is clearly 

1. Densities consistent with ambient ionospheric O+ are observed for most 
conditions which shall be referred to as non-wake. 

2. > 2 orders of magnitude depletion occurs in the near wake. 

ADDITIONAL EVIDENCE FOR LARGE DEPLETION 

Additional evidence for a many order of magnitude depletion in the electron 
density in the near wake is provided by what amounts to a sounder experiment. Re- 
call that the VCAP SRPA is excited with a signal at 8.5 and 10.7 kHz. The PDP con- 
tains a 16 channel (*IS% bandwidth) spectrum analyzer capable of detecting electro- 
static or electromagnetic waves over a frequency range from 30 Hz to 178 kHz. The 

strument has a saturation of approximately 1 V/m electric field amplitude and a 
dynamic range of about 95 dB. 
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Summary of VCAP Langmuir Probe (dotted line) and SRPA 
(solid line) results as a function of vehicle attitude. 

8, = PITCH ANGLE 

e2= AZIMUTH ANGLE 

Figure 3 

6 



, , 

During most of t he  o r b i t ,  t he  Spectrum Analyzer output  i s  dominated by broad- 
and o r b i t e r  generated e l e c t r o s t a t i c  no i se ,  ( r e f .  4) t h r u s t e r  f i r i n g s  o r  o t h e r  

s t a t i c  no i se  disappears  i n  a l l  channels s imultaneously and as the  payload bay i s  
immersed deeper i n  t h e  o r b i t e r ' s  wake a s i g n a l  i n  t h e  10 MIz channel grows t o  a 
p o i n t  of dominance i n , t h e  spectrum. 
d e n s i t y  drops so t h a t  the plasma frequency nea r s  o r  drops below 10.7 MIz, t h i s  s ig -  
n a l  can propagate t o  t h e  PDP sensor. 
done t ak ing  f i e l d  s t r e n g t h s  and senso r  s e p a r a t i o n  i n t o  account,  but preliminary 
work suggests  t h a t  although t h e  PDP Langnnrir Probe i n f e r s  d e n s i t i e s ,  < 50/cm3, 
t h e  dens i ty  probably drops a t  least another  o r d e r  of magnitude t o  < 5/cm3. 
would be approximately s i x  o rde r s  of magnitude of plasma dep le t ion  i n  t h e  near  wake 
from t h a t  measured under r a m  condition. 

a events .  Figure 4 i l l u s t r a t e s  t h a t  as t h e  wake boundary i s  approached, t h e  e l e c t r o -  

This i n  f a c t  i s  t h e  VCAP SRPA s igna l .  As t h e  

Detai led c a l c u l a t i o n s  and modeling are being 

This 

The VLF electric f i e l d  spectrum showing t h e  inc reas ing  
i n t e n s i t y  of t h e  received SRPA signal. 

VLF ELECTRIC FIELD SPECTRUM 

I78 
loo 
56 
31 

17.8 
5 10.0 - 5.6 

3.1 
1.78 w 

3 1.0 
0 w 0.560 
E 0.311 

I00 dB 

0.031 

WAKE 

1982 DOY 83 HOUR 20 

Figure  4 

SUMMARY 

Although measurements are s t i l l  i n  a p r i m i t i v e  state,  s e v e r a l  conclusions can 
be drawn from the  STS-3 PDP and VCAP data.  

@ 1. Ram cond i t ions  seem t o  r e s u l t  i n  a h ighe r  than expected e l e c t r o n  densi ty .  
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2. Density deple t ions  of a t  least 4 orders  of magnitude i n  t h e  wake plasma 
are observed and t h e r e  i s  evidence t o  suggest  t h i s  dep le t ion  may be as 
high a s  s ix  orders  of magnitude. 

E f fec t ive  temperature measured by the  thermal plasma probes i n d i c a t e  an  
i n c r e a s e  in e l e c t r o n  temperature in t he  wake t o  > 6000°K. 

3.  

4 .  The thermal ions are excluded r ap id ly  as t h e  o r b i t e r  bay r o l l s  i n t o  wake 
and only those l o c a l l y  produced H20+ and NO+ are measurable. 

5. Both LP's and the  SRPA i n d i c a t e  a degree of plasma d e n s i t y  or v e l o c i t y  
turbulence  which peaks in t he  t r a n s i t i o n  reg ion  between ram and wake. 

Severa l  concerns about these  measurements are tha t :  f i r s t ,  t h e  VCAP probes '  
ou tpu t s  are o f t e n  contaminated by the  turbulence which causes b i a s  i n  t h e  da t a ;  
second, t he  a b i l i t y  of t he  PDP LP t o  measure d e n s i t y  and temperature r e l i a b l y  be- 
yond a c e r t a i n  l i m i t e d  range is ques t ionable ;  and t h i r d ,  whether t h e  sounder exper- 
iment s e tup  between the  VCAP SRPA and PDP Spectrum Analyzer is " c a l i b r a t a b l e "  is 
s t i l l  an open quest ion.  

The f i r s t  concern is being worked and t h e r e  is confidence t h a t  c o r r e c t i o n s  for  
t h e  turbulence can be computed. 
provide upper bounds on t h e  turbulence wi th in  a g iven  frequency band. 

Recall t h a t  t h e  PDP LP has a AN/N mode which can  

The second concern, which a p p l i e s  t o  a lesser degree t o  t h e  VCAP LP, is harde r  
t o  solve.  As t h e  dens i ty  decreases  and temperature inc reases ,  t h e  s i z e  of t h e  
probe i n  r e l a t i o n  t o  a debye l eng th  and thermal e l e c t r o n  gyroradius  changes d r a s t i -  
c a l l y .  This means t h a t  approximations used t o  d e r i v e  temperature and d e n s i t y  are 
no longer  v a l i d  and new fornnrlations must be used, A long-term re sea rch  e f f o r t  i 
underway t o  b e t t e r  understand t h e  behavior of swept probes in t h e s e  extreme reg- 
i m e s .  (See ref. 5 f o r  a d e s c r i p t i o n  of t h e  probe theory) ,  Meanwhile, e f f o r t  has  
been made t o  inc lude  d a t a  in t h i s  r epor t  derived from regimes where approximations 
hold. Thus, t h e  d e n s i t i e s  and temperatures are probably good t o  a f a c t o r  of two,  

8 

It is encouraging t o  no te  t h a t  when comparisons are made t o  measurements made 
by the  DE s a t e l l i t e ,  which f lew through t h e  same a l t i t u d e  and l a t i t u d e  regime 
wi th in  t h e  same day, genera l  a reement is found. The DE da ta  show dayside condi- 
t i o n s  of Ne = .9 -1.1 x 14 / c J  and T, = 1500' - 2000' while  t h e  PDP and VCAP d a t a  
taken  dayside out  of wake and also out  of maximum r a m  condi t ion  i n d i c a t e  Ne = 2 t o  
10 x 106/cm3 and Te 1000' (*30%)* 

The t h i r d  concern is c u r r e n t l y  being worked and i f  t he  "sounder" is c a l i b r a t -  
a b l e ,  i t  should provide va luable  inpu t  f o r  theory, 

The f a c t  t h a t  e leva ted  temperatures a re  observed in t he  near  wake of a space- 
c r a f t  is not without precedence. S a d r  e t  a l .  ( r e f .  6 )  found evidence f o r  e l e v a t e d  
e l e c t r o n  temperatures i n  the  wake of Explorer 31, a much smaller veh ic l e  than t h e  
S h u t t l e  Orbi ter .  

Addit ional  measurements by t h e  PDP and VCAP ins t ruments  W i l l  be made on 
Spacelab-2 where d e t a i l e d  experiments have k e n  designed t o  s tudy the  s t r u c t u r e  of 
t he  wake out  t o  approximately one ki lometer  from the vehic le .  
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Abst rac t  

A summary of  observat ions made by t h e  Plasna 
D iagnost ics  Package (PDP) aboard STS-3 i n  
March 1982 w i t h  p a r t i c u l a r  regard t o  t h r u s t e r  i n -  
duced e f f e c t s  i s  presented. Ionospher ic  chemist ry  
and i t s  r e l a t i o n  t o  plasma h o l e  format ion i s  d i s -  
cussed and comparisons made w i t h  prev ious  work 
which has modeled and measured e f f e c t s  from much 
l a r g e r  exhaust masses. P r i n c i p l e  a t t e n t i o n  i s  
focused on l o c a l  e f f e c t s  observed on o r  near t h e  
O r b i t e r  and on how these d is turhances can upset 
ast ronomical  and space plasma measurements. Since 
var ious  o p e r a t i o n a l  p r o f i l e s  f o r  a t t i t u d e  c o n t r o l  
a r e  a v a i l a b l e ,  severa l  suggestions a r e  o f f e r e d  t o  
h e l p  t h e  f u t u r e  exper imenter p l a n  a scenar io  m i n i -  
m i z i n g  t h e  da ta  contamination. 

I n t r o d u c t i o n  

Ef fec ts  of  rocket  exhaust on t h e  atmosphere 
and ionosphere have been, a t  var ious  t imes, a 
concern from the  e a r l i e s t  days of  rocke t  f l i g h t s .  
Most r e c e n t l y ,  a t t e n t i o n  has been g iven t o  the  
chemical e f f e c t s  o f  these plumes p a r t i c u l a r y  i n  
F1 and F2 regions. An e x c e l l e n t  rev iew o f  work 
t n  date i n  t h i s  f i e l d  i s  g iven  by Mend i l lo '  where 
s tud ies  o f  t h e  e f f e c t s  from s h u t t l e  OMS engine 
c i r c u l a r i z a t i o n  burns are  discussed. q ince t h e  
n r b i t e r ' s  pr imary and v e r n i e r  React ion Contro l  
System (RCS) t h r u s t e r s  a re  rluch smal le r  than t h e  
W S ,  i t  i s  tempt ing t o  assume t h a t  they  would 
have no apprec iab le e f f e c t  on t h e  ionospher ic  en- 
vironment. Such i s  not  t h e  case and data pre- 
sented i n  t h i s  paper shows t h a t  plasma per tu rba-  

FIGURE 1. 
SPACE SHUTTLE REACTION CONTROL SURSYSTEM PLUME VECTORS 

P - PITCH 
Y - YAU 

DIRECTION OF t THRUSTER PLUHE 

-P 

RCS CONSISTS OF 1 FORWARn MODULE AND 2 AFT RCS SUBSYSTEMS I N  PODS 
38 M A I N  THRUSTERS (14 FOHWARO; 12 PER AFT POD) 

6 VERVIER THRUSTERS ( 2  FORCJARn AND 4 AFT) 
PROPELLANTS: O X I D I Z E R ,  N2O4; FUEL, MMH 

LEFT 

DIRECTION OF t VEHICLE ).oTIoW 
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Aurorrrtks. tu.. 1983. All d#bls nun4 59 



t i o n s  inducpd hy these small  engines can be no- 
t i c e a h l e  and i n  some cases a t  l e a s t  d is rup t . i ve  t o  
measurement.s. 

The f i r s t  descr ihes the  c h a r a c t e r i s t i c s  of  t he  44 
RCS thrust.ers. t h e i r  emissinn pa t te rns ,  emission 
r a t e s  and exhaust cons t i t uen ts  hoth neu t ra l  and 
charged species. The second gives an overview o f  
t h e  PDP/STS-3 miss ion  p r o f i l e  and reviews the  F2  
reg ion  ionosphere cha rac te r i s t i cs .  The t h i r d  i s  
t h e  pr imary ohserva t ion  sect ion.  na ta  c o l l e c t e d  
by the  POP d u r i n g  a l a r g e  numhpr and v a r i e t y  o f  
t h r u s t e r  events i s  presented and a t e n t a t i v e  hypo- 
t h e s i s  exp la in ing  these e f fec ts  i s  of fered. Ref- 
erences t n  observat ions from othe r  experiments 
which are  cnns is ten t  w i t h  t.hese data a re  a l so  d i s -  
cussed. Sect inn fou r  discusses the  chemical re -  
a c t i v e  p o t e n t i a l  o f  these plumes, suggests several  
modeling prohlems, and descr ihes experiments which 
w i l l  he c a r r i e d  out on t he  Spacelah-i! n iss fon .  
P a r t  f i v e  o f  t h e  paper summarizes t h e  impact o f  
t h r u s t e r  f i r i n g s  t o  t h e  astronomical  o r  space 
plasma experiment. Examples of thrust .er  opera- 
t i o n a l  scenar ios a re  presented and suggestions f o r  
m in im iz ing  t h e  impact t o  these experiments a re  
given. 

The d iscuss ion  i s  d i v ided  i n t o  f i v e  sect ions,  

The STS W h i t e r  RCS Thrusters 

The React ion Cont ro l  System (RCS)  or a t t i -  
tude  c o n t r n l  system ahoard the  O r h i t e r  cons i s t s  
o f  38 pr imary  (87n lh.) t h r i r s te rs  and 6 ve rn ie r  
( 2 5  lh.) th r i i s te rs .  F iqure  1 shows thp  l o c a t i o n  
and des iqnat inn  o f  these 44 enqines. Note t h a t  
t h e  arrows i n d i c a t e  the  d i r e c t t o n  of  t h r u s t  and 
t h a t  the  sho r t  arrnws are  the  verniers.  Nata a l -  
so  t h a t  a l l  ve rn ie rs  p n i n t  down o r  sideways, t h a t  
i s ,  they have no component o f  t h e i r  t h r u s t  a long 
t h e  O r h i t e r  -Z axis. Several poss ib le  ope ra t i ona l  
p lans  a re  a v a i l a h l e  f o r  t b s e  t h r u s t e r s  and the  
d e t a i l s  a re  determined by the  a t t i t u d e  maneiiver 
requ i red  as w e l l  as the  s p t t i n g  o f  t he  n i g i t a l  
Auto P i l o t  (see l a s t  sec t i on  o f  t h i s  paper). 

Two v a r i a b l e  sets u l t i m a t e l y  determine t h e  e f -  
f e c t  these t h r u s t e r s  have on t h e  l o c a l  iono- 
spher ic  environment. The f i r s t  i s  t h e  amount o f  
mass e jec ted  and i t s  d i r e c t i o n  and v e l o c i t y  o f  
f low; t h e  second i s  the  n e u t r a l  and i o n  composi- 
t i o n  and temperatiire. Tahle 1 presents  t h e  mass 
emission c h a r a c t e r i s t i c s  o f  t he  v e r n i e r  and p r i -  
mary enqines, as we l l  as  sample data from f l i g h t  
3 i n d i c a t i n q  t y p i c a l  f i r i n g  c h a r a c t e r i s t i c s .  The 
f a c t  t h a t  t y p i c a l  v e r n i e r  mass emission i s  g rea t -  
e r  than t h a t  of  t he  p r imar ies  i s  due t o  the  fac t  
t h a t  t hp  ve rn ie rs  a re  l ess  e f f i c i e n t  a t  moving 
the  O r h i t e r  because op t ima l  torques a re  no t  used 
and thus more ne t  mass e j e c t i o n  i s  requ i red .  It 
should be emphasized, however, t h a t  t h e  mass 
e j e c t i o n  r a t e  i s  much less  and t h e r e f o r e  t h e  cor -  
responding t ime of t h r u s t  pulses grea ter .  This 
w i l l  he an important cons ide ra t i on  o p e r a t i o n a l l y .  
F igu re  2 i l l u s t r a t e s  the  mass e j e c t i o n  p r o f i l e  
assiiming an a x i a l l y  symmetric f l ow  and p o i n t  
source. I n  r e a l i t y  hecause o f  t he  l o c a t i o n  o f  
t he  th rus te rs ,  an apprec iah le  amount o f  exhaust 
can bounce o f f  O r b i t e r  surfaces i n c l u d i n g  t h e  en- 
g ine  pods, t a i l  and wings. 

cha rac te r i ze  t h e  plumes i s  conta ined i n  Table 2. 
The mole f r a c t i o n  of  each major species o f  neu- 
t r a l  and i o n  i s  given, as w e l l  as t h e  t o t a l  num- 
ber of molecules i n  t h e  t y p i c a l  f i r i n g  descr ibed 
i n  Table 1. Although the  f r a c t i n n  o f  i o n i z e d  ex- 
haust. i s  very  low, the re  i s  s t i l l  an apprec iah le  
nunher of  i on -e lec t ron  

rpg ion  plasma densi ty.  

The r e s t  o f  t he  i n fo rma t ion  necessary t o  

a i r s  p resent  when com- 
pared w i t h  t h e  l@Oe/krn 0 which i s  a t y p i c a l  F2 

STS-3 Miss ion  a t  240 km a 
The Plasma Diagnost ics  Package was c a r r i e d  

ahoard STS-3 as p a r t  o f  NASA OSS-1 payload. 
s igned t o  measure DC. e l e c t r i c  and magnetic 
f i e l d s ,  AC e l e c t r o s t a t i c  and e lec t romagnet ic  
waves, p a r t i c l e  energies, f luxes  and d i s t r i h u t i o n  
funct ions,  i t  was used on ho th  the  p a l l e t  and as 

De- 

TARLE 1. 
MASS EJECTlnN CHARACTERfSTICS FOR VRCS ANI) PRCS THRUSTERS 

Vern ie r  (VRCS) 40.8 nlsec 
Average Nunher o f  

Average Mass E jec ted  'F i r i nqs  i n  Event 
nu r a t i o n  
i2Tx 

'Typical 
( A t t i t u d e  Hold) 

Longest 
(Maneuver) 

Pr imary (PRCS) 1419.A g/sec 

Typ ica l  
( A t t i t t i d e  Hold) 

1639 2 2 sec 

21nt-19 14 30 sec 

114g 1 RO msec 

Longest 6829 5 720 msec 
(Manuever) 

*Typical  f i r i n g s  based on ana lys is  of a l l  a v a i l a h l e  STS-3 t h r u s t e r  event data. -1 
-.-------- .--c_---------. ---, ---I ------- .-------------- 

This inc luded sevPral d i f f e r e n t  a t t i t u d e s  and DAP se t t i ngs .  
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FIGURE 2. 
P R I M A R Y  THRllSTER NnRMALIZEn EJECTION PROFILE 

a 0 d b  

- IO.; 

- 19.8 

- 10.1 

an RMS prohe. n e t a i l e d  desc r ip t i ons  o f  t h e  I n -  
s t r i rnent  complement as w e l l  as a good review 
o f  o the r  environmental  neasurpments no t  covered 
here  a re  a v a i l a h l e  i n  Shawhan.Z For those l i k e  
t h e  OSS-1 s c i e n t i s t s  who use t h e  W h i t e r  as a 
measurement p l a t f o r m  f o r  do inq  Astronomy, e a r t h  
science, m a t e r i a l s  t e s t i n g  o r  space plasma r x p e r i -  
ments, 0%-1 prov ided an environmental data hase. 
R e a l i z i n g  t h a t  t h e  O r b i t e r  and i t s  associated sub- 
systems do n o t  always p rov ide  an environment equ i -  
va len t  t o  t h a t  o f  t he  F2 ionosphere, enahles be t -  
t e r  f l i g h t  p repara t ion .  Since t h i s  paper deals i n  
p a r t i c i l l  a r  w i t h  temporary t h r u s t e r  m o d i f i c a t i o n  of  
t h i s  region, i t  i s  use fu l  t o  h r i e f l y  rPview t h e  
phys i cs  and c h a i i s t r y  of  t he  F2 reqion. 

Wi th  a n e u t r a l  component o f  6 l @ / c d  and an 
average plasma dens i t y  o f  lfl t o  1 0 6 / c d ,  t h e  F2 
r e g i o n  extends from approximately 225 t o  401) kn  
a l t i t u d e  and marks the  l a y e r  o f  t he  ionosphere of  
h ighes t  plasma densi ty.  The dominant i o n  o f  the  
F2 reg ion  i s  0+ c rea ted  hy i o n i z i n g  UV 6 910A and 
t h e  doiqinant n e u t r a l  i s  0. Less ahundait N2 
and 02 p l a y  an important p a r t  i n  t h e  p r i n c i p l e  
l o s s  process f o r  t h e  Il+ ion. This process con- 

- 19.8 

cerns the  slow fo rmat ion  o f  t h e  molecu la r  ions 
N 2 + ,  NO+, or 02+ and t h e i r  r a p i d  d i s s o c i a t i v e  re- 
combination as discussed i n  Ranks.' From the  
s tandpo in t  o f  t h r u s t e r  e f f e c t s ,  i t  i s  i n p o r t a n t  
t o  n o t r  t h a t  the  H20 and H Z  present i n  the  ex- 
haust plume have been shown t o  be 100 - 1000 
t i n e s  more e f f i c i e n t  a t  format ion o f  mo lecu la r  
ions  w i t h  O+ than the  background N2 and 02 ( f o r  
d e t a i l e d  chemistry see Mendi1105). 

It i s  a l so  important t o  conoare the  tenpera- 
t i t r e  and v e l o c i t y  of  the  exhaust plume w i t h  the  
temperature of  the  ions and n e u t r a l s  a t  t h i s  a l -  
t i t u d e .  Se l f -cons is ten t  models as w e l l  as s a t e l -  
1 i t e  measurements have bounded the  temperature a t  
240 km a l t i t u d e  t o  heween 1000'K and 2000'K. 
Ions and e lec t rons  from the  exhaust p lune have 
eqiri va 1 en t  k i ne t  i c tenpera ture  of 22,000"K and 
3.n011°K respec t i ve l y .  This discrepancy a r i ses  
because a l l  p lune cons t i t uen ts  e x i t  a t  r e l a t i v e l y  
the  sane v e l o c i t y  g i v i n q  the  heav ie r  ions a much 
h igher  equ iva len t  k i n e t i c  tonperature.  With t h i s  
hackground on the  t h r u s t e r s '  exhaust charac ter -  
i s t i c s  and the  F 2  ionosphere, i t  i s  app rop r ia te  
t o  discuss the  experimental f i n d i n g s  o f  the  PDP. 
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TARLE 2. 
THRUSTER PLUME CHARACTERISTICS 

.- -_----a__-- .-"-.1..--. . .I.._ .-. . 
Prima r y  Th r u s t  e r  

M = 1419.9 G/S/Enqine 

Vern ie r  Thrust.er 

M = 417.8 G/S/Engine 

Species 

Composit ion - Neut ra ls  

Mol. W t .  

I R  
28 
44 
32 
28 

H20 
N 2 
cn2 
"2 cn 

2 $ 1 
MMH - NO3 46 

Mole F rac t i on  

0,328 
0.306 
0.036 
0.0004 
0.134 
0.17 
n.nis 
0. on2 

Composit iop - Porninant Ions 

NO+ 30 1.7 x 10-0 
co2- 44 2.7  x in-10 
OH- 17 4.3 x 10-10 
Elec t rons  -- 2.4 x 10-9 

To ta l  Numher o f  Neut ra ls  and Ions 

Number o f  Number o f  Ions 
N e u t r a l s  j E 1 ec t rons) 

VRCS 

Typ ica l  1.3 x l$' 3.1 x IOl7 
Lonqest 1.7 x 1$6 3.R x 10'' 

PRCS 

17  Typ ica l  9.2 x 1d4 2.1 x IO,,, 
Longest 5.5 1t-P 1.2 10 

Observations 

Since the  PnP on STS-3 was always e i t h e r  on 
t h e  p a l l e t  o r  on the  RFlS i n  t he  near v i c i n i t y  of  
t he  Orh i te r .  t he  measurements taken r e f l e c t e d  only 
t h e  l o c a l  e f f e c t s  o f  t h r u s t e r  operat ions.  
F igu re  3 exemp l i f i es  disturbances measured w h i l e  
i n  t h e  cargo hay. 
l abe led  "prcssure". The c o l d  cathode i on iza t ion  
pressure qauqt? loca ted  near the  b o t t m  o f  the  Pnp 
i s  b a f f l e d  t n  be i n s e n s i t i v e  t o  r a m  n e u t r a l s  and 
meant t o  he a sense of t he  pressure near the  su r -  
face  o f  t he  PnP. Note t h a t  no t  a l l  t h r u s t e r  oper- 
a t i o n s  a re  a s  obvious as the p a i r  t h a t  ncci i r  d t  
apprnximately ?3:35, howcwr.  a l l  bu t  one r e g i s t e r  
a t  l e a s t  a small  increase. A t  t h i s  p a r t i c u l a r  
t ime, the  O r h i t e r  i s  on the  day s ide  o f  the  ea r th  
a t  m i d - l a t i t u d e  and w i t h  the  payload hay i n  wake. 
It should he noted t h a t  some data savples shnw a 
marked increase i n  pressure wh i l e  o thers  do not. 
Since the  pressure gauge i s  only sampled every 1.6 
seconds and t y p i c a l  f i r i n q s  (Table 1) o f  p r imar ies  
l a s t  f o r  on ly  80 msec i t  i s  not poss ib le  t o  g i ve  
d e t a i l s  o f  the  t ime evo lu t i on  of  pressure. 

However, an upper hound of  the  steady s t a t e  
pressure inc rease poss ih le  can be ohtained by an- 
a l y s i s  o f  data du r ing  a s p e c i a l l y  scheduled en- 
g ine  t e s t  c a l l e d  the  L2U burn. 

Note f i r s t  the  middle panel 

This data i s  

FIGURE 3. 
STS-3 TYRVSTER PL ASVA EFFECTS 
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FIGURE 4. 
PRESSURE ENHANCEMENT W R I N G  L2U ENGlNE TEST 

depicted i n  F igure  4, 
3 x l od  t o r r  du r ing  t h i s  burn which l as ted  f o r  
more than a minu te  and cons is ted  o f  L2U, R l U  and 
F2U f i r i n g  w i t h  19 pulses from LZU, 34 from R1U 
and continuous emission from F2U. Note t h e  l a r g e  
decay t ime a f t e r  t he  engines shut down which i s  
bel ieved t o  be due t o  the  slow outgassing o f  ad- 
sorbed emission products. I n  r e a l i t y ,  no exper i -  
ment should see long du ra t i on  pressure increases 
o f  t h i s  nature. However, i t  i s  poss ib le  t h a t  any 
primary t h r u s t e r  f i r i n g  cou ld  momentari ly i n -  
crease pressure t o  these leve ls ,  r e l a x i n g  t o  am- 
bient pressure on t ime scales of  1 second o r  
less. 

Next, r e t u r n i n g  t o  F igure  3 no te  the  bottom 
panel which i s  a measure o f  POP p o t e n t i a l .  Since 
the PDP i s  grounded t o  t h e  O r b i t e r  chassis i t  i s  
a l s o  a measure o f  O r h i t e r  p o t e n t i d l  w i t h  respec t  
t o  l oca l  plasma as= This panel i s  t y p t c a l  
o f  t h r u s t e r  e f f e c t s  on spacecra f t  charge f a r  t h i s  
nission. There i s  an abrupt p o t e n t i a l  s h i f t  
towards zero w i th  a slow recovery t ime (- 8 Sec- 
onds f o r  these examples). Vern ie r  t h r u s t e r s  a l s o  
induce th i s  e f f e c t ,  bu t  t h e  magnitude and dura- 
t i o n  are  less. P o t e n t i a l  observat ions can be 
summarized as fo l l ows :  Thrus ters  always ac t  t o  
push t h e  p o t e n t i a l  toward negat ive  and i s  most 
no t iceab le  when t h e  p o t e n t i a l  i s  p o s i t i v e  and t h e  
PDP i s  i n  t h e  plasma wake. Measurement of  DC 
e l e c t r l c  f i e l d  i n d i c a t e s  a m o d i f i c a t i o n  as w e l l ,  
however, t h i s  data has y e t  t o  he incorporated. 

A look a t  Panels 1, 2 and 4 prov ide  addi-  
t i o n a l  c lues  t o  t h e  cause o f  t h e  p o t e n t i a l  s h i f t .  
Recal l  t h a t  t he re  i s  a s i g n i f i c a n t  plasma compo- 
nent t o  t h e  exhaust plume. The top  panel i s  a 
t ime h i s t o r y  of t he  magnitude o f  plasma dens i t y  
i r r e g u l a r i t i e s  (AN/N) i n  t h e  frequency range 6 - 
40 Hz. Thrus te r  opera t ions  induce l a r g e  sca le  
plasma d e n s i t y  changes. I t  i s  i n  f a c t  t r u e  t h a t  
v i r t u a l l y  every  t h r u s t e r  f i r i n g  documented can be 
seen by t h e  Langmuir Probe which senses these i r-  
r e g u l a r i t i e s .  It mat te rs  l i t t l e  which t h r u s t e r  
f i r e s  o r  f o r  how long, a s i g n i f i c a n t  d is tu rhance 
i s  always seen. A look a t  Panel 4 revea ls  t h a t  
abso lu te  e l e c t r o n  dens i t y  i n  these examples can 
change by severa l  orders o f  magnitude. l l n l i k e  
A N I N  disturhances, however, t h i s  dens i t y  enhance- 
ment i s  most pronounced w i t h  low ambient dens i t y  
t h a t  i s  i n  t h e  plasma wake. This i s  understand- 
ab le  if one r e a l i z e s  t h a t  t h e  t o t a l  number o f  
e l e c t r o n s  a v a i l a b l e  i n  a t y p i c a l  f i r i n g  (Table 1) 
i s  s i m i l a r  t o  t h e  number contained i n  t h e  amhient 
F2 plasma approximately l O h  on a side. 

Panel 2 i l l u s t r a t e s  t h a t  an inc rease i n  
background e l e c t r o s t a t i c  no ise  accompanies 
t h r u s t e r  operat ion.  Although on ly  a 1 kHz (215% 
bandwidth) channel o f  an e l e c t r o s t a t i c  wave an- 
a l y z e r  i s  p l o t t e d ,  t h i s  d is tu rhance i s  ev ident  

Note t h a t  pressure rose t o  

a 

from apprnx ina te ly  30 H z  t o  200 kHz. A back- 
ground no ise  l e v e l  o f  - V/m i s  due t o  the  
O r b i t e r  plasma i n t e r a c t i o n  and i s  b r i e f l y  de- 
sc r ibed i n  S h a ~ h a n . ~  This no ise  which present 
theory" a t t r i b u t e s  t o  lower h y b r i d  d r i f t  i n s t a -  
b i l i t i e s  d r i ven  hy plasma dens i t y  g rad ien ts  could 
he a m p l i f i e d  by the  i n t r o d u c t i o n  of  y e t  another 
plasma which increases those dens i t y  gradients.  
This enhanced e l e c t r o s t a t i c  no ise  i s  a l s o  present 
t o  a g rea ter  o r  l esse r  degree w i t h  v i r t u a l l y  a l l  
ve rn ie r  and pr imary t h r u s t e r  operat ions.  

I n  summary, t he  l o c a l  e f f e c t s  seem t o  have 
two t ime scales. A shor t  t ime sca le  f o r  the  neu- 
t r a l  pressure enhancement which f o r  t y p i c a l  
t h r u s t e r  operat ions i s  on the  order  o f  one se- 
cond, and a longer  plasma p e r t u r b a t i o n  t ime  sca le  
associated w i t h  enhanced e l e c t r o s t a t i c  emission. 
increased plasna dens i ty ,  a l t e r e d  e l e c t r i c  f i e l d s  
and spacecraf t  p o t e n t i a l .  This l onger  du ra t i on  
d is tu rbance can range from a few seconds t o  a l -  
mnst h a l f  a minute. 
plasma in t roduced by t y p i c a l  t h r u s t e r  f i r i n g s  
(Table 2) and the  tenpera ture  and dens i t y  of  t he  
plume compared t o  the  ambient ionosphere, i t  i s  
c l e a r  t h a t  t h e  RCS angines ac t  almost as a l o c a l  
p o i n t  source f o r  e lec t rons  which a re  near t h e r -  
mal. The enhanced e l e c t r o n  d e n s i t i e s  observed 
near the  O r b i t e r  and "discharge" o f  e l e c t r i c  po- 
t e n t i a l  a re  consistent. w i t h  t h i s  scenar io.  Ions 
which have v e l o c i t i e s  h igh  compared t o  thermal 
ions  tend t o  escape w i t h  the  ne t  plume v e l o c i t y  
and on ly  those sca t te red  from O r b i t e r  surfaces 
are  be l ieved t o  he seen i n e d i a t e l y  f o l l o w i n g  a 
f i r i n g .  Present ly  work i s  underway t o  analyze 
t h e  i o n  energies observed so as t o  determine if 
ions  seen du r ing  t h r u s t e r  opera t ions  cou ld  be ac- 
ce le ra ted  by e l e c t r i c  f i e l d s  present near t h e  O r -  
b i t e r .  An Ion  Mass Spectrometer on t h e  PDP does 
see order o f  magnitude enhancements i n  H20+ and 
NO+ which are  important cnns t i t uen ts  o f  t he  
plume.' 
e l e c t r o n  d e n s i t i e s  and n e u t r a l  pressure are  a l s o  
cons is ten t  w i t h  enhancement i n  the  s h u t t l e  glow 
phenomenon discovered by Ranks e t  a l .  on STS-3.8 

Reca l l i ng  t h e  amount o f  

It i s  important t o  no te  t h a t  h ighe r  

Future Modeling and Experimental Problems 

Extensive modeling o f  t he  chemical e f f e c t s  o f  
rocke t  releases have been done by Rernhardtg and 
Mendillolo w i t h  emphasis on the  e f f e c t s  o f  Shut- 
t l e  OMS burns and c i r c u l a r i z a t i o n  burns o f  t he  
proposed HLLV. Resul ts i n d i c a t e  t h a t  source e f -  
f i c i e n c y  f a c t o r s  ( t h e  number o f  i on -e lec t ron  
p a i r s  destroyed compared t o  t h e  t o t a l  plume de- 
s t r u c t i o n  p o t e n t i a l )  f o r  H20 - H2 exhaust plumes 
tend t o  inc rease w i t h  smal le r  mass re lease and 
tend t o  increase w i t h  a l t i t u d e  t o  a t  l e a s t  
4nn km. M e n d i l l o l o  models a re lease o f  Ido 
molecules t o  have an e f f i c i e n c y  o f  - 1.2% a t  



TARLE 3. 
RELATIVE PLASMA PATA CnNTAMINATION OF VERNIER AND PRIMARY RATE HOLD MANEIIVERS 

- V e m l e r  

DAP Se t t l nqs  

D l s c r e t e  Rota t lon  Rate 0.135O/sec 

A t t i t u d e  Oeadhand l . o o  
Rate Deadband n.02o/scc 

Minimum Pulse 0.01 ' /set 

Z Contaminat ion 

5 

30 Prima rL D isc re te  Rota t ion  Rate O.l35'/sec 
Rate Deadhand 0.2" /sec 

Minimum Pul se O.l"/sec 
A t t i t u d e  Peadband 5. n o  

-_._Y-Y__U--_-.-_._-------.-YI--.U.. .-----.---w- .----- .-a_---- .. ...- - -. .- . 
400 km w h i l e  a l#' molecule re lease has an e f f i -  
.c iency c lose  t o  11%. A P R C S  f i r i n g  o r  extended 
VRCS f i r i n g  re leas ing  l # s  -10L6 molecules over a 
per iod  o f  a few seconds t o  few tens o f  seconds 
cou ld  have a h ighe r  soiirce e f f i c i e n c y  because of  
t h e  lower plune dens i t y  and the  f a c t  t ha t  t he  
plume becomes more l i k e  d l i n e  source.l0 
o f  these cons idera t ions ,  i t  may he worthwhi le 
modeling no t  j u s t  OMS e f fec ts ,  hu t  the  plumes o f  
t he  smal le r  RCS t h r u s t e r s  as  we l l .  Spacelah-2 cur-  
r e n t l y  scheduled t o  f l y  i n  March 19R5 a t  an a l t i -  
tude o f  400 km includes ionospher ic mo4 i f i ca t i on  
measurements t o  several  km heyond the  shu t t l e .  
The PDP on t h i s  mission w i l l  have h igher  reso lu -  
t i o n  pressure measurements, c o l l e c t  plume data as 
a f r e e - f l y e r  as well as i n  t he  O r h i t e r  bay and on 
t h e  RMS. Coupled w i t h  the  a d d i t i o n  o f  ground 
based d iagnos t i cs  and c a r e f u l l y  scheduled OMS 
burns, a g rea t  deal can be gained try these i n  s i t u  
d iaqnos t ics .  The near O r b i t e r  measurements o f  
STS-3 p rov ide  in fo rmat ion  f o r  experiment design on 
SL-2, suggest new modelina p o s s i h i l i t i e s  and pro-  
v ides a new dimension i n  t ime sca le  s tud ies  o f  
c h m i  ca 1 releases. 

Because 

Opera t iona l  Trade-of fs 

Desp i te  the  f a c t  t h a t  t he  t h r u s t e r s  and O b 5  
engines p rov ide  i n  themselves an i n t e r e s t i n g  ex- 
periment i n  ionospher ic  mod i f i ca t i on ,  i t  nay be 
important and even c r i t i c a l  i n  some instances t o  
avo id  t h e  plasma e f f e c t s  as much as poss ih le .  
This i s  p a r t i c u l a r l y  d i f f i c u l t  f o r  instruments 
which nay he doing o p t i c a l  observat ions s ince  
they  o f t e n  r e q u i r e  accurate p o i n t i n g  which hy i t s  
na tu re  needs t h r u s t e r  assistance. Previous e v i -  
dence from M e n d i l l d  r e f e r s  t o  enhancements i n  
a i r q l o w  emissions from rocket  plumes. Instrunen- 
t a t i o n  aboard Spacelah-1 may be capahle of  inea- 
s u r i n g  enhanced a i rg low  from the O r b i t e r s '  
t h r u s t e r s  and determining i f  i t  presents an o fe r -  
a t i n n a l  prohlem f o r  experimenters needing o p t i c a l  
o r  i n f r a r e d  data. 

n a t a  from STS-3 serves t o  i l l u s t r a t e  t h a t  
how one chooses t o  ho ld  an a t t i t u d e  and t o  what 
p r e c i s i o n  g r e a t l y  determines the frequency and 
du ra t i on  o f  t h r u s t e r  operation. Tahle 3 shows 
two examples o f  d i g i t a l  a u t o p i l o t  s e t t i n q s  and 
the  r e s u l t a n t  degree o f  data contaminat ion i n  a 
10-minute i n t e r v a l .  Example 1 uses the ve rn ie rs  
on ly  t o  h o l d  a r o t a t i o n  r a t e  of .135'/second w i t h  
a deadhand r a t e  o f  .n2 and minimum A pu lse  o f  
.Ol"/secnnd. This r e s u l t e d  i n  l i t t l e  contamina- 

t i o n .  Example 2 holds the  same r a t e  
( .135'/second) w i t h  p r imar ies  us ing  a ininir iun A 
pu lse  o f  O.l'/second. The d i f f e r e n c e  i n  numher 
o f  f i r i n q s  i s  q u i t e  pronounced. I n  general ,  i t  
seems b e t t e r  t o  maneuver w i t h  p r imar ies  and be t -  
t e r  t o  h o l d  a t t i t u d e  w i t h  vern ie rs .  The t i g h t e r  
the  c o n s t r a i n t  on the  deadband i n  a t t i t u d e  h o l d  
o r  r a t e  o f  r o l l ,  t he  h ighe r  t h e  frequency of  
t h r u s t e r  operations. By c a r e f u l l y  cons ide r ing  
these t rade -o f f s ,  t he  exper imenters working w i t h  
NASA can hest op t im ize  t h e i r  measurement opportu- 
n i t i e s  w h i l e  n i n i m i r i n q  fue l  usage. 
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Ab!, t tact 

The Plasma Diagnos t ic  Package (PDP) on t h e  
t h i r d  Space S h u t t l e  F l i g h t  (STS-3) included a 
Bennett RF ion  mass spec t rometer  which surveyed 
the p o s i t i v e  ion  composi t ion i n  t h e  v i c i n i t y  of 
the vehic le .  The ion  measurements both wi th in  and 
e x t e r i o r  t o  t h e  S h u t t l e  cargo bay show t h e  
pervasive i n f l u e n c e  of t h e  S h u t t l e ' s  own gaseous 
emissions on i t s  immediate plasma environment. 
Within t h e  bay t h e  ion  spec t rometer  d e t e c t e d  
copius  q u a n t i t i e s  of i o n s  when t h e  S h u t t l e  was i n  
dayl ight  and when the  gaa p r e s s u r e  a t  t h e  s u r f a c e  
of the  PDP was enhanced. In  g e n e r a l  few cases of 
ion d e t e c t i o n  occurred when t h e  bay was f a c i n g  
toward the  S h u t t l e  wake. The plasma near  t h e  
S h u t t l e  c o n s i s t e d  predominately of 0' (16AMJ) i o n s  
and i o n s  with atomic masses of 18, 30, 32 and 44 
AMI corresponding to  H20+, NO+, 02+ and C02+. A l l  
of t h e s e  ions  wi th  the  except ion  of H20+ and C02+ 
are expected ambient iona a t  the S h u t t l e ' s  
a l t i t u d e  of 240KH. During some t h r u s t e r  f i r i n g s  
the  18 and 30 AMJ ion  c o n c e n t r a t i o n s  d e t e c t e d  
w i t h i n  t h e  bay i n c r e a s e  by up t o  an o r d e r  of 

w i t h i n  t h e  2.4 second sweep of t h e  

r i b u t i o n s  d id  not  show a similar change. 
tfument. b r i n g  t h e s e  l a t te r  eventa  the  0' 

I. Background 

Included i n  t h e  Plasma Diagnos t ic  Package 
(PDP) flown on t h e  STS-3 S h u t t l e  mission was II 
Bennet t  ion  mass spectrometer .  This  spec t rometer  
was similar i n  c o n s t r u c t i o n  to  those  r u c c e s s f u l l y  
f l o v n  on numerous sounding rockets ,  t h e  Atmosphere 
Explorer  S a t e l l i t e s  C and E and on t h e  P ioneer  
Venus o r b i t e r .  The d e t a i l s  of t h e  spec t rometer  
o p e r a t i o n  have been previous ly  d iscussed  i n  t h e  
l i t e r a t u r e  (e.g., Br in ton  e t  a 1 . l )  and hence w i l l  
not  ba repea ted  here .  Under i d e a l  c o n d i t i o n s  t h e  
s p c c t r o w t e r  i r  capable  of m a n u r i n g  i o n  s p e c i e s  

7 
i n  t h e  range f r a n  1 t o  64 atomic mass u n i t s  v i t h  
number e n s i t i e s  from approximately 20 t o  2 X 10 
ions/cm . The sweep rate of t h e  ins t rument  
through t h e  e n t i r e  range of atomic n a s i  u n i t s  war 
approximately 2.4 seconds which as w i l l  be seen  is 
f a s t  enough t o  r e s o l v e  p e r t u r b a t i o n s  i n  t h e  
S h u t t l e ' r  plasma environment due to  a t t i t u d e  
v a r i a t i o n s  but  no t  fas t  enough t o  d e t e c t  a l l  t h e  
p e r t u r b a t l o n e  produced d i r e c t l y  by t h e  s h o r t  
p e r i o d  t h r u a t e r  f i r i n g s .  

9 

There are two important  advantages i n  us ing  
a n  i o n  mass spec t rometer  t o  s tudy  t h e  immediate 
environment of t h e  Shut t le .  F i r s t  i t  is p o s s i b l e  
t o  r e s o l v e  d e t a i l s  of how t h e  plasma is per turbed  
n e a r  t h e  S h u t t l e  by t h e  aerodynamical impact of 
t h e  s p a c e c r a f t  on t h e  ambient ionosphere. Second 

t h e  d e t e c t i o n  of i o n  s p e c i e s  which can only be 
S h u t t l e  o r i g i n  t h e  spectometer  can provide some 
i g h t  i n t o  t h e  n a t u r e  of t h e  gases  t h a t  envelop 

misaion,  t h e  PDP waa opera ted  while  stowed on t h e  
QI e s p a c e c r a f t .  During t h e  course  of  t h e  STS-3 

Tbla p.p~ Is declared a work of tbe U.S. 
Covmncnl and I L m f o n  la in tbe pvblk d o d n .  

p a l l e t  wi th in  the  cargo bay. In a d d i t t o n ,  a 
v a r i e t y  of measurements were obta ined  whtle  t h e  
instrument  was opera ted  on t h e  Remote b n l p u l a t o r  
system ann (RXS). In the  l a t t e r  mode t h e  PDP was 
put  through s e v e r a l  complicated maneuvers t o  
determine some of t h e  p r o p e r t i e s  of t h e  S h u t t l e  
wake as well as t h e  e f fec ts  of e l e c t r o n  gun 
Ci r ings  on t h e  S h u t t l e ' s  immediate envtronment. 
In t h t s  paper we w i l l  not  c o n s i d e r  t h e  ion 
composi t ion d e t e c t e d  on the  extended R S ,  but  
i n s t e a d  w i l l  c o n c e n t r a t e  on t h e  o b s e r v a t i o n s  made 
while  t h e  PDP was secured  w i t h i n  t h e  S h u t t l e ' s  
bay, where the  number of ions  c o l l e c t e d  by t h e  
spec t rometer  were dependent on ly  upon t h e  a t t i t u d e  
and l o c a t t o n  of the  S h u t t l e  and t h e  products  of 
S h u t t l e  emissions.  The ion  spec t rometer  observa- 
t i o n s  are explored t o  determine how contaminated 
t h e  STS-3 plasma environment a c t u a l l y  i s  and t o  
see e x a c t l y  what type of p e r t u r b a t i o n  t h e  
S h u t t l e ' s  own gaseous emissions have on t h e  plasma 
w i t h i n  t h e  bay when t h e  bay doors  are open. 

11. Spectrometer  V i e w  

For t h e  exact l o c a t i o n  of t h e  ion mass 
spec t rometer  with r e s p e c t  t o  t h e  o t h e r  ins t ruments  
on the  PDP as w e l l  aa a b r i e f  overview of t h e  
i n i t i a l  PDP measurements t h e  r e a d e r  is r e f e r r e d  t o  
the  paper of Shawhan and Murphyz. For t h e  p r e s e n t  
i t  r u f f i c e s  t o  note  t h a t  t h e  o r i f i c e  of t h e  ion 
mass spec t rometer  is not  f a c i n g  unobs t ruc ted ly  
i n t o  f r e e  space. The p o s i t i o n  of t h e  PDP on t h e  
p a l l e t  was such t h a t  t h e  spec t rometer  was d i r e c t e d  
toward t h e  i n t e r i o r  p o r t  bulkhead of t h e  S h u t t l e  
bay (i.e., p a r a l l e l  t o  t h e  Y a x i s  i n  S h u t t l e  
c o o r d i n a t e s  - see Figure 1). It vas  l o c a t e d  below 
t h e  bay door and indeed below t h e  Vehicle  Charging 
and P o t e n t i a l  Experiment package which was placed 
on t h e  s i d e  of t h e  p a l l e t  toward which the 
spec t rometer  faced.  

Fig. 1. In t h e  S h u t t l e  c o o r d i n a t e  system t h e  ion  
spec t rometer  is d i r e c t e d  p a r a l l e l  t o  t h e  Y a x i s .  
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Since thermal ion Spectrometer  measurements 
of inc ident  ion  f l u x  can only a c c u r a t e l y  be 
converted i n t o  number d e n s i t y  vhen the  average 
speed of the  plasma i n t o  the  spec t rometer  o r i f i c e  
is known, i t  is evident  t h a t  the  complex geometry 
of the b a r r i e r s  surrounding t h e  Spectrometer  while  
tn t h e  bay makes t h i s  a d i f f i c u l t  task.  Hence 
ins tead  of s p e c i f y i n g  the  ion number d e n s i t i e s  
e x p l i c i t l y ,  t h e  c o l l e c t e d  ion  c u r r e n t s  v i 1 1  be 
used t o  ana lyze  t h e  ion composition wi th in  t h e  
bay. This  will provide a good estimate of t h e  
r e l a t i v e  ion composition s i n c e  the  c u r r e n t  of each 
ion c o l l e c t e d  is i n  genera l  p r o p o r t i o n a l  t o  i t s  
dens1 t y  . 

111. S h u t t l e  A t t i t u d e  

The STS-3 f l i g h t  was p r i m a r i l y  a thermal  
mission and t h i s  drove t h e  o p e r a t i o n a l  t imel ine .  
A t t i t u d e s  employed were nose-to-sun ( v i t h  a. r o l l  
rate two times t h a t  of the  o r b i t  r a t e ) ,  t a l l - t o -  
sun, top-to-sun, and Thermal Pass ive  Control  -the 
so c a l l e d  barbecue mode. k s t  of the  PDP observa- 
t i o n s  were taken with t h e  nose-to sun a t t i t u d e .  
For s i m p l i c i t y  t h i s  d i s c u s s i o n  is confined 
p r i n c i p a l l y  to t h e  nose-to-sun c o n f i g u r a t i o n  s i n c e  
t h e  length  of time spent  i n  t h i s  c o n f i g u r a t i o n  
a l lows  one t o  d i s c e r n  r e p e a t a b l e  o r b i t  by o r b i t  
v a r i a t i o n s  In the  bay ion  populat ion.  

A schematic  drawing of t h e  S h u t t l e  o r i e n t a -  
t i o n  dur ing  a t y p i c a l  nose-to-sun o r b i t  ls shown 
i n  Figure  2. The S h u t t l e  rolls twice p e r  o r b i t .  
The STS-3 i n c l i n a t i o n  was 38 degrees  with t h e  l i n e  
of node approximately perpendicular  to t h e  sun 
vec tor .  I n  t h i s  o r b i t a l  c o n f i g u r a t i o n  t h e  
S h u t t l e ' s  open bay f a c e r  i n t o  the ram d i r e c t i o n  
only  once per  o r b i t  a t  t h e  ascending node near  t h e  
dawn te rmina tor .  
i n d i c a t e d  the  importance of t h i s  i n  understanding 
t h e  p e r i o d i c  enhancement of t h e  n e u t r a l  p r e s s u r e  
measured by t h e  Pressure  Gauge on t h e  PDP - t h e  
pressure ,  as is t o  be expected,  peaks a s  t h e  
ambient gas  ram i n t o  the bay. 

Shawhan and h r p h y 2  have 
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Fig. 2. The S h u t t l e  a t t i t u d e  i n  the  nose-to-sun 2X 
o r b i t a l  r a t e  s p i n  c o n f i g u r a t i o n  has only  one 
region a long  the  o r b i t  a t  vhich the  bay is toward 
the  ram di rec t ion- the  ascending node. 

IV. Ion Measurements 

STS-3 was launched on March 22,1982 (day 
number 131). 
an e n t i r e  o r b i t  wi th in  t h e  bay d u r i n g  t h e  f i r s t  
nose-to-sun a t t i t u d e  per iod  a r e  shown i n  F igure  
The ion  spec t rometer  was s tepped  c o n s e c u t i v e l y  
through 4 d i f f e r e n t  s e n s i t i v i t y  modes by vary ing  
t h e  r e t a r d i n g  vol tage  i n  f r o n t  of t h e  c o l l e c t o r .  
I n  c h i s  paper only  one of t h e s e  modes is 
considered - t h e  one wi th  t h e  next  t o  t h e  lowest 
s e n s i t i v i t y  - t o  ensure  t h e  maximum mass r e s o l u -  
t i o n  p o s s i b l e  f o r  i d e n t i f y i n g  t h e  more prominent 
ions present .  
i n  t h e  p l o t s  were obta ined  d u r i n g  t h i s  mode. 

The major ion  c u r r e n t s  d e t e c t e d  a l o n g  

iJ) 

All of t h e  ion  c u r r e n t s  t o  be s h o r n  

mom34 M Y  W 

Fig. 3 ( a )  The c o l l e c t e d  i o n  c u r r e n t s  in t h e  bay 
f o r  t h e  ion s p e c i e s  wi th  atomic massee of 16 an  
18 are shown f o r  o r b i t  3b.  me ion c u r r e n t s  rF 
r a p i d l y  a t  s u n r i s e  then  la te r  in t h e  day a b r u p t  
drop below t h e  ins t rument  s e n s i t i v i t y .  

( b )  Zhe heavy mass i o n s  measured on t h e  same o r b i t  
fo l low similar v a r i a t i o n s .  The ions with  a tomic  
masses of 18 (H20+) and 44 (COz+) a r e  STS-3 borne 
contaminants. 

F igure  3 d e p i c t s  on ly  a 50 minute per iod  of 
o b s e r v a t i o n s  out  of a n  o r b i t a l  p e r i o d  of 
approximntely 1.5 hours. Thermal ions were not 
d e t e c t e d  on t h e  unplo t ted  portions of  t h e  orb1 
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Figure 3a shows t h e  lower atomic mosses obrerved 
whereas Figure 3b shows the  heavier  ions.  
Although a momentary enhancement of the  ion 

r ren ts  (and of course t h e i r  d e n s i t i e s )  is seen 
t a f t e r  1815 Gm, the  i o n i z a t i o n  bui ldup near  

e spectrometer occurs rap id ly  a t  t h e  time t h e  
Shut t le  crosses i n t o  dayl ight .  The aproximate 
posi t ion a t  which STS-3 crossed t h e  te rmina tor  
in to  s u n l i g h t  is ind ica ted  by the  wavy l i n e .  The 
most dominant ion observed is mass 16 ( O + )  which 
i s  t y p i c a l l y  t h e  dominant ambient ionospheric  ion 
a t  the STS-3's mean a l t i t u d e  of 244km. Other 
detected ions ,  t y p i c a l  of ionospheric  spec iea ,  
include the 30 and 32 A U I  ions  which correspond t o  
ionized NO and O2 respec t ive ly .  

Although some of the  ions  observed on t h e  
o r b i t  depic ted  i n  Figure 3 have masses character-  
istic of those i n  the  ambient ionosphere, t h e  
o v e r a l l  behavior of the  ion composition measured 
i n  the  bay cannot be explained by ionospheric  
v a r i a t i o n s  along t h e  STS-3 o r b i t .  The secondary 
ions with atomic maso numbers 18 and 44 have never 
been reported t o  be seen with such prominence a t  
there  n l t i t u d e 8  i n  the  ionosphere. The mort 
l i k e l y  ion s p e c i e s  corresponding t o  these  massem 
are H20+ and C02+ r e s p e c t i v e l y  - i.e., ions  whose 
n e u t r a l  molecule counterpar t  is depos i ted  i n  t h e  
v i c i n i t y  of t h e  S h u t t l e  by outgansing of 
materials, by cabin  leakage ar well as by engine 
f i r i n g s .  Neutral  gar composition changes due t o  
S h u t t l e  emissions have been mcasured d i r e c t l y  on 
s e v e r a l  S h u t t l e  f l i g h t s  by t h e  Neutral  Car Mass 
Spectrometer as p a r t  of t h e  Induced Environment 
Contamination b n i t o r  ( ~ n r i g n a n 3 ) .  

* Another f e a t u r e  of t h e  bay comporition vhich  
annot be explained by ambient ionorphere 
a r i a t i o n  is the  r e r t r l c t e d  region alonn the  o r b i t  

general  o r b i t a l  v a r i a t i o n  of t h e  ion c u r r e n t  a t  
and a f t e r  the dawn te rmina tor  c ross ing  observed i n  
t h e  e a r l i e r  example is evident .  Another f e a t u r e  
found on many o r b i t s  is a precursor  enhancement of 
the  ion c u r r e n t s  followed by a decrease before 
sunr i se .  On the  o r b i t  depic ted  i n  Figure 4 t h i s  
f e a t u r e  is f a i r l y  prominent. I n  t h e  fol lowing 
s e c t i o n ,  expla ina t iona  will be of fered  f o r  t h i s  
l a t te r  enhancement as w e l l  as  f o r  t h e  recur r ing  
dayside cur ren t  enhancemenf. The l a r g e  drop i n  
t h e  ion c u r r e n t s  seen j u s t  before  0435 GnT 1s not 
r e l a t e d  t o  the  undis turbed temporal development of 
t h e  bay population. Rather, i t  is caused by the  
f i r i n g  of the  plasma gun c a r r i e d  on STS-3 which 
produces a p o s i t i v e  s p a c e c r a f t  charge t h a t  
prevents  t h e  thermal ions  from e n t e r i n g  t h e  
spectrometer. 

-where t h e  c o l l e c t e d  ion  c u r r e n t s  riac s;veral Pig. 4. I h e  c o l l e c t e d  c u r r e n t s  of t h e  4 dominant 
orders  of magnitude above t h e  instrument  l i m i t i n g  
o e n s i t i v i t y .  Although t h e  bottomside of t h e  F- 
l a y e r  cnn be very aharp nenr t h e  equator  and 
r e s u l t  i n  measured ion  d e n r i t i e r  on a c i r c u l a r  
o r b i t i n g  sa te l l i t e  that abrupt ly  increaac as t h e  
Spacecraf t  moves from t h e  bottomaide of t h e  l a y e r  
i n t o  t h e  l a y e r  maximum (Brinton'), t h i s  cannot  
expla in  t h e  comporition v a r i a t i o n s  shown i n  Figure 
3. F i r s t l y  t h e  16 A N  ions are not  t h e  dominant 
ionoapheric  spec ies  i n  the  bottomaide of t h e  rharp 
l a y e r s  - t h e  molecular ions  NO+ and 02+ are. 
the  STS-3 observa t ions  these  molecular i o n s  do not  
dominate the ion  d i s t r i b u t i o n s .  Sacondly, t h e  bny 
ion d e n r i t l e s  abrupt ly  dropped near 0210 Cm - a t  
a local tlme near  noon - where, becnuse of 
photoioniznt ion,  the  bottomaide of t h e  F-layer is 
not sharp. Hence t h e  observed ion  concent ra t ion  
v a r i a t i o n s  do not  seem t o  be d i r e c t l y  r e l a t e d  t o  
expected ambient ionosphere var ia t ions .  

I n  

h e  region i n  which s i g n i f i c a n t  i o n  
concent ra t ions  are seen i r  not just p e c u l i a r  t o  
the  one o r b i t  depic ted  i n  Figure 3. In  the  nose- 
to-sun 2X o r b i t a l  rate r o l l  conf igura t ion  t h e  ion  
populat ion wi th in  the  bny always rose abrupt ly  
near  t h e  dawn terminator  only t o  decrease la ter  i n  
s u n l i g h t  about 25 minutes later. Figure 4 s h o w  
another  example of measurements w d e  on a similar 
type of o r b i t  taken two and one ha l f  day8 later i n  
t h e  bay. Only the  four  most dominant ions are 
p l o t t e d  h e r e  - again,  they correrpond t o  species 
with atomic masses of 16, 18, 30 and 32. The same 

ions on o r b i t  74 show t h e  saw bnaic  v a r i a t i o n  
a long  t h e  o r b i t  as una aeen on t h e  prev iour ly  
discussed o r b i t  34. Note t h e  i o n i z a t i o n  enhance- 
ment before  the  prominent te rmina tor  enhancement. 

V. Contro l l ing  Processes  

A s  previously mentioned, Shavhan and k r p h 9  
showed thnt  there was a d i u r n a l  v a t l a c i o n  i n  the 
gas  pressure  a t  t h e  PDP s u r f a c e  €or t h e  nose-to 
-run 2X o r b i t a l  rate r o l l  o r b i t s .  If one compare8 
t h e  measured pressure  v a r i a t i o n s  p l o t t e d  i n  t h a t  
paper with t h e  i o n  v a r i a t i o n s  f o r  t h e  tu0 o r b i t s  
conridered thu8 f a r ,  i t  becomer evident  thn t  t h e  
dayside decrease of t h e  ion  concent ra t ion  occurs  
simultaneously with t h e  decrease  i n  t h e  pressure.  
However, t h e  pressure  a t  t h e  PDP with in  the  bay 
shows no rapid increase  a t  t h e  te rmina tor  am do 
t h e  ion concent ra t ions .  The pressure  rises i n  i t s  
d i u r n a l  cyc le  w e l l  before  t h i s  time. Although t h e  
gas pressure  enhancements appear  t o  be due t o  
ambient gas c o l l i d i n g  with open bay s u r f a c e s  near  
t h e  ascending node when the  bay l a  exposed to  t h e  
ram d i r e c t i o n ,  the  ion behavior is not iceably  
d i f f e r e n t .  

The most p l a u s i b l e  source  of t h e  ions 
de tec ted  is photo ioniza t ion  of t h e  gar  cloud 
rurrounding t h e  space vehicle .  Such n mechanism 
would expla in  the  onse t  of i o n i z a t i o n  a t  the  
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t a m i n a t o r  as well a s  the  drop-off of the  
ion iza t ion  vhen the gas pressure  a t  the  PDP drops 
t o  its background level .  The absence of ioniza- 
t i o n  within the bay during o t h e r  p a r t s  of t h e  
o r b i t  a r i s e s  because the  bay is then fac ing  i n t o  
the wake of the Shut t le .  

The precursor  enhancement of ions may r e f l e c t  
the expected c o l l e c t e d  cur ren t  maximum a t  t h a t  
point  in the  o r b i t  when the ambient ions rammed by 
the S h u t t l e  can t r a v e l  t o  the  spectrometer  o r i f i c e  
without being sh ie lded  by the  S h u t t l e  or anything 
in the  bay. This can be seen by cons idera t ion  of 
Figure 2 wlth the  spectrometer  d i r e c t e d  i n  the  
s tarboard d i r e c t i o n .  A t  the  a n t i s o l a r  point  t h e  
spectrometer  is d i r e c t e d  inKO the  spacecraf t  ram 
d i r e c t i o n  and would Col lec t  a Large f l u x  of ions 
were it not blocked by the  Vehicle Charging and 
P o t e n t i a l  experiment in f r o n t  of it. On the  o t h e r  
hand, a t  the  ascending node the  open bay is in t h e  
ram d i r e c t i o n  but the  instrument is point ing 90 
degrees  from it; hence c u r r e n t s  w i l l  be low. 
Between these two poin ts  is a region where t h e  
angle  of a t t a c k  t o  the  o r i f i c e  is less than 90 
degrees and where the  plasma incoming has d i r e c t  
access  t o  the spectrometer  r e s u l t i n g  in a peak t n  
the co l lec ted  cur ren t .  Indeed the  ion spectro-  
meter, which is s e n s i t i v e  t o  the  flow energy into 
its o r i f i c e ,  shows a mass S p e C t r ~  in t h i s  region 
t h a t  is c h a r a c t e r i s t i c  of inflowing ions. Hence 
the precursor  event is Consis tent  with ambient 
ions flowing d i r e c t l y  to  the  spectrometer. 

V I .  Short Term Per turba t ions  

In a d d i t i o n  to  the regular  repea tab le  
behavior observed on nose-to-sun a t t i t u d e  o r b i t s  
t h e r e  are a l so  s h o r t  tern changes i n  the  ion  
composition i n  response t o  a c t i v i t i e s  of t h e  Space 
Shut t le .  Some of these  are evident  i n  t h e  
mearurements shown i n  Figure 5 .  Again we have t h e  
t y p i c a l  enhancement of the c o l l e c t e d  i o n i z a t i o n  
near  the  terminator .  In t h i s  ins tance  the  mass 18 
ions are comparable in COnCenKratiOn to  che mass 
16 ions on t h e  ascending l e g  of the  currcnc curves 
Unt i l  approximately 0150 G K  whereupon the  1120+ 
c u r r e n t  drops rapidly.  The o t h e r  ion spec ies  do 
not show t h i s  behavior. 
p l o t t e d ,  ions with atomic mass 19 were detec ted  
along with the  i n t t l d l l y  enhanced HZOf. This  
f e a t u r e  was not seen t o  repeat from orbi t - to-  
o r b i t .  

Also, a l though-  not  

The observed high COnCentratiOnS of Water 
ions are reminiscent of the behavior of t h e  ion 
composition observed v i  t h  i n  "ionosphere holes" 
Khat have been crea ted  by experimental dumpings of 
water in the  ionosphere. 
and Szuszczew~czS these holes  not only correspond 
t o  a deple t ion  of Of ions with an a t tendent  
increase  l n  the H20f ions, but a l s o  a r e  charac- 
t e r i z e d  by the presence of mass 19 ions i d e n t i f i e d  
a s  N30f ions t h a t  are the r e s u l t  of tn te racc ing  
n e u t r a l  vacer  molecules and ions. Indeed a water 
dump was made from the  S h u t t l e  on t h i s  o r b i t  
approximately a half  hour before the observa t ions  
i n  Figure 5 .  In sunl ight  the water ice a s s o c i a t e d  
with the water dump will subl imate  and the  gaseous 
water w i l l  be ionized. A sharp drop off  in the  
Water ton concentrat ion would then be expected a s  
the S h u t t l e  moves throu h the ion iza t ion  of t h i s  

As reported by Sjolander  

l o c a l  water enhancemenp. f 
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Ftg. 5 .  Another nose t o  sun o r i e n t e d  o r b i t  is 
shown. This o r b t t  is unique I n  t h a t  t h e  H20+ i o n s  
a r e  comparable in concent ra t ion  t o  Of. 
dump occurred before  these  measurements were made. 
Also  discre te  enhancements are observed in t h e  
mass 18 and 30 ion c u r r e n t s  t h a t  are a s s o c i a t e d  
with t h r u s t e r  f i r t n g s .  In addic ton  to  the  ions 
shown, ions with atomic mass 19 were also ohserved 
dur ing  the  i n t t t a l  H20+ enhancement and dur ing  the  
t h r u s t e r  events. 

A Water 

Another phenomenon t h a t  t s  commonly seen is 
t h e  appearance of d i a c r c t e  enhancements i n  t h e  
concent ra t ions  of ions with atomic masses 18, 19, 
and 30. Those are s i n g l e d  out  i n  Figure 5 by 
arrows. On t h i s  pars  ions  of atomic mass 19 also 
appeared i n  a s s o c i a t i o n  u l t h  t h e  s p i k e l i k e  
enhancements but are not shown i n  t h e  f igure .  
per turba t ions  occur  on a very s h o r t  time scale. 
They are de tec ted  on only a s i n g l e  sweep of t h e  
ion spectrometer  through t h e  e n t i r e  mass range 
which takes  2.4 seconds. On t h e  p r i o r  and 
succeeding s w e p r  these  current s p i k e s  are 
not iceably  a bsent. 

I. 

Thrus te r  f i r i n g r  of e i t h e r  t h e  Primary 
Reaction Control  System or t h e  Vernier  Control 
System can and do produce gaseous emissions on 
time scales s h o r t e r  than t h e  Spectrometer sweep 
period. Indeed t h e  t h r e e  ion c u r r e n t  s p i k e s  seen  
in Figure 5 were a s s o c i a t e d  with t h r u s t e r  f i r i n g s .  
In  t h i s  ins tance  t h e  times of t h e  f i r i n g s  were 
determined from sp ikes  t n  t h e  VLF electric f i e l d  
s t r e n g t h  measured on t h e  PDP (obtained from t h e  
PDP survey s l i d e s  provided by J. P i c k e t t ,  Univer- 
s i t y  of Iowa). 
have shown t h a t  these  VLF b u r s t s  c o r r e l a t e  wi th  
the  t h r u s t e r  f i r i n g s .  Although the  ion s p i k e s  l n  
genera l  are observed only with t h r u s t e r  f i r i n g s ,  
t h e  converse does not hold. Since t h e  f i r i n g s  can 
and do take p lace  i n  times less t h a k o n e  second, 
t h e  bursts of gas may produce i o n i z a t i o n  i n  a time 
scale much s h o r t e r  than t h e  inRtrument sweep 
period so t h a t  the  iOnh3t iOn peaks are not 
o bserved. 

S tudies  by Shawhan and h r p h y 2  ,6 

The S h u t t l e  t h r u s t e r s  use monomethyl- 
hydrazine with hydrogen t e t r o x i d e  as the  oxydizer .  
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The observations of enhanced H20+, H30+ and NO+ 
densities are consistent with the chemical 
products which can be produced by the combustion 

an be deduced from the studies of Eberstein 
assman7, Phillips and Shad, and Hurle et 

k n m  whether the observed ionization is due to 
photoionization of the thruster gases, charge 
transfer vith the ambient ions, ionization 
produced within the combustion chamber or to the 
critical ionization mechanism discussed by 
PapadopouloslO. 
composition variations observed during the firings 
in combination with other plasma measurements made 
in the vicinity of the Shuttle should help resolve 
this question. 

a 10 .) Hovever, at the present time, it is not 

A more detailed study of the ion 

VII. Conclusions 

The STS-3 ion composition measurements 
presented show that the plasma environment within 
the cargo bay is a very dynamic medium. The wake 
of the Shuttle is severely depleted of ionitation 
and photoionization of the Shuttle's own gaseous 
envelope appears to play a role in producing the 
bay plasma. There is also evidence of plasma 
flowing into the bay. Water dumps and engine 
firings are reflected in characteristic changes of 
the ion composion. Hansurements have been 
presented for only those orbits in which the 
Shuttle's nose was pointed toward the sun as i t  
rolled twice per orbital period. This 
configuration resulted in a generally repeatable 
variation in the bay ion composition from orbit to 
orbit. We don't vant to end leaving the 
impression that the bay variations are always this 
re ular. The dominant effect of the spacecraft 

de on determining this variation can be seen 
erring to the orbit plotted in Figure 6. !dB huttle on this orbtt vas initially in the 

nose-to-sun configuration but vas then reoriented 
for 8 Reaction Control System burn attitude before 
going back to its original attitude. Prominent 
engine firing related ion spikes are evident, as 
are dtstinct changes in the ion current profiles 
with the attitude changes. 
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