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Laboratory	
  Experiments	
  on	
  Non-­‐linear	
  	
  
Wave/Par8cle	
  Interac8on	
  

“Delayed	
  Emissions”	
  from	
  plasma	
  excited	
  by	
  a	
  high-­‐power	
  
microwave	
  pulse	
  

Mechanism	
  for	
  the	
  delayed	
  emissions	
  was	
  finally	
  
clarified.	
  	
  
1.	
  Microwave	
  pulse	
  excites	
  electrostaCc	
  waves	
  in	
  
plasma	
  via	
  the	
  parametric	
  instability.	
  
2.	
  The	
  electrostaCc	
  waves	
  heat	
  the	
  plasma	
  electrons.	
  	
  
3.	
  The	
  heated	
  electrons	
  are	
  trapped	
  in	
  the	
  magneCc	
  
mirror	
  field	
  for	
  a	
  while	
  and	
  then	
  excite	
  the	
  electron	
  
cyclotron	
  waves	
  via	
  the	
  electrostaCc	
  instability,	
  
which	
  are	
  o5en	
  observed	
  in	
  space.	


Microwave	
  	
  
injecCon	


Emissions	
  a5er	
  terminaCon	
  
of	
  microwave	
  injecCon	


Strange	
  phenomenon	
  at	
  first	
  sight	


Experimental	
  apparatus	


Why?	


Delayed	
  emission	
  excited	
  by	
  a	
  high	
  power	
  
microwave	
  pulse,	
  S.Sasaki,	
  et.al.,	
  Phys.	
  Fluids	
  
19,	
  906	
  (1976)	




Study	
  of	
  Electrodynamic	
  Tether	
  by	
  Sounding	
  Rockets	
  
Sounding	
  rocket	
  experiment	
  in	
  the	
  conduc8ve	
  
tethered	
  mother/daughter	
  payload	
  system	
  
with	
  an	
  electron	
  beam	
  injector.	
  It	
  was	
  intended	
  
to	
  	
  use	
  the	
  space	
  as	
  a	
  large	
  plasma	
  laboratory.	
  
Sounding	
  rockets	
  used	
  for	
  this	
  research:	
  
Japanese:	
  K-­‐9M-­‐57,	
  K-­‐9M-­‐69,	
  S-­‐520-­‐2	
  
U.S.:	
  Black-­‐Brant	
  V(1),	
  Black-­‐Brant	
  V(2)	


One	
  of	
  the	
  important	
  findings:	
  
The	
  lower-­‐hybrid	
  resonance	
  waves	
  were	
  
excited	
  by	
  ion	
  moCon	
  driven	
  by	
  the	
  electric	
  
field	
  near	
  the	
  electrodynamic	
  tether	
  system.	
  

Time	
  (sec/div)	
  

ConfiguraCon	
  of	
  Tether	
  Rocket	
  Experiment	
  in	
  1983	
  that	
  
marked	
  the	
  longest	
  tether	
  length	
  in	
  space	
  by	
  that	
  Cme.	
  	


Nightglow	
  

Night	
  view	
  of	
  	
  
Denver,	
  Colorado	
  

Electron	
  beam	
  
injected	
  from	
  the	
  
mother	
  payload	
  

VLF	
  emissions	
  driven	
  by	
  poten8al	
  difference	
  between	
  the	
  two	
  payloads	
  	

Frequency	
  spectrum	
  

Poten8al	
  difference	
  

Intensity	
  

Tethered	
  Rocket	
  Experiment(CHARGE-­‐2):IniCal	
  Results	
  
on	
  Electrodynamics,	
  S.Sasaki,	
  et.al.,	
  Radio	
  Science,	
  23,	
  
975	
  (1988)	




Space	
  Experiments	
  with	
  Par8cle	
  Accelerators	
  
(SEPAC)	
  on	
  Spacelab-­‐1/Space	
  ShuUle	
  STS-­‐9	
  

SEPAC	
  was	
  an	
  acCve	
  experiment	
  to	
  use	
  space	
  as	
  a	
  
giganCc	
  plasma	
  laboratory	
  for	
  studying	
  plasma	
  
physics.	
  SEPAC	
  carried	
  electron	
  beam/plasma	
  
accelerators,	
  diagnosCc	
  instruments,	
  and	
  a	
  low	
  
light	
  level	
  TV	
  camera.	
  
	
  
The	
  objecCves	
  were	
  to	
  study;	
  
1.vehicle	
  charge	
  build-­‐up	
  and	
  its	
  neutralizaCon,	
  
2.beam	
  plasma	
  physic,	
  and	
  
3.beam	
  atmosphere	
  interacCon	
  (arCficial	
  aurora).	
  
	
  
SEPAC	
  experiment	
  was	
  conducted	
  as	
  a	
  first	
  large-­‐
scale	
  joint	
  space	
  program	
  between	
  Japan	
  and	
  
U.S.	
  It	
  started	
  in	
  1978.	
  The	
  experiment	
  was	
  
conducted	
  in	
  1983.	
  The	
  follow-­‐on	
  experiment	
  	
  
was	
  performed	
  in	
  1992.	
  	
  

Space	
  Experiments	
  with	
  ParCcle	
  Accelerators,	
  T.Obayashi,	
  
et.	
  al.,	
  Science,	
  Vol.225,	
  No.4658,	
  195,	
  July	
  (1984)	




ＳＥＰＡＣ	
  Instruments	
  
Japanese	
  Onboard	
  Instruments	
  
Accelerators	
  and	
  Diagnos8cs	
  
(1	
  )	
  Electron	
  Beam	
  Accelerator:	
  

7.5kV,	
  1.6	
  A,	
  10ms~1sec	
  
(2)	
  Magneto-­‐Plasma-­‐Dynamic	
  Arcjet:	
  

2kJ/pulse,	
  1ms,	
  Ar	
  
(3)	
  Neutral	
  Gas	
  Plume	
  Generator:	
  

Nitrogen	
  
(4)	
  Diagnos8c	
  Equipment:	
  

Photometer,	
  Energe8c	
  par8cle	
  
analyzer,	
  Plasma	
  probe,	
  Pressure	
  
gauge,	
  and	
  Wave	
  and	
  field	
  
probes	
  

(5)	
  Low	
  Light	
  Level	
  TV	
  Camera	
  
	
  

U.S.	
  Onboard	
  Instruments	
  
Control	
  and	
  Data	
  Management	
  
Equipment	
  
(1) 	
  Control	
  Panel	
  
(2) 	
  Dedicated	
  Experiment	
  Processor	
  
(3) 	
  Interface	
  Unit	
  	
   SODA-­‐QL	
  (Scien8fic	
  

On-­‐line	
  Data	
  Analysis	
  
Quick	
  Look	
  System	
  )	
  

SEPAC	
  On-­‐board	
  
Instruments	
  	




ＳＥＰＡＣ	
  Team	
  and	
  Opera8on	
  

U.S.	
  Team:	
  
W.T.Roberts	
  (MSFC),	
  	
  C.R.Chappell	
  (MSFC)	
  
D.L.Resoner	
  (MSFC),	
  J.Burch	
  (SWRI)	
  
W.L.Taylor	
  (TRW),	
  P.M.Banks	
  (Stanford	
  Univ.)	
  
P.R.Williamson	
  (Stanford	
  Univ.)	
  ,	
  
O.K.GarrioU	
  (JSC)	
  

	
  Japanese	
  Team:	
  	
  
T.Obayashi	
  (ISAS),	
  N.Kawashima	
  (ISAS),	
  K.Kuriki	
  
(ISAS),	
  M.Nagatomo	
  (ISAS),	
  K.Ninomiya	
  (ISAS)	
  
M.Ejiri	
  (ISAS,	
  NIPR),	
  S.Sasaki	
  (ISAS),	
  
M.Yanagisawa	
  (ISAS),	
  I.Kudo	
  (ETL)	
  

Launch	
  in	
  1983	
  

Ground	
  operaCon	
  by	
  Japan/U.S.	
  joint	
  
team	
  (3	
  shi5s)	




Orbiter	
  was	
  Charged	
  up	
  to	
  Several	
  Thousand	
  Volts	
  !	
  
The	
  potenCal	
  of	
  the	
  orbiter	
  with	
  respect	
  to	
  
the	
  space	
  potenCal	
  was	
  measured	
  during	
  
the	
  electron	
  beam	
  injecCon.	
  It	
  was	
  found	
  
that	
  the	
  orbiter	
  was	
  occasionally	
  charged	
  
up	
  to	
  the	
  beam	
  acceleraCon	
  voltage	
  
(several	
  thousand	
  volts).	
  
ビーム電圧で規格化したシャトルの帯電電圧	


Beam	
  Current	
  (mA)	


Instruments 

Space 

Before beam emission 

During beam emission 

Vehicle	
  Charging	
  Observed	
  in	
  SEPAC	
  SPACELAB-­‐1	
  Experiment,	
  
S.Sasaki,	
  et.	
  Al.,	
  AIAA	
  J.	
  Spacecra5	
  and	
  Rockets	
  23,	
  194	
  (1986)	


The	
  instruments	
  on	
  the	
  orbiter	
  pallet	
  
were	
  strongly	
  illuminated	
  (pseudo	
  
color)	
  by	
  retuning	
  energeCc	
  electrons.	




Neutraliza8on	
  of	
  the	
  Orbiter	
  Charging	
  by	
  Simultaneous	
  
Injec8on	
  of	
  Gas	
  or	
  Plasma	
  

Charge-­‐neutraliza8on	
  by	
  plasma	
  injec8on	
  
(1	
  msec)	
  was	
  first	
  demonstrated	
  and	
  
analyzed.	
  

Plasma	
  plume	
  injected	
  from	
  
MPD	
  arc-­‐jet	
  (pseudo	
  color)	


Completely	
  
neutralized.	


NeutralizaCon	
  of	
  Beam-­‐Emigng	
  Spacecra5	
  by	
  Plasma	
  
InjecCon,	
  S.Sasaki,	
  et.	
  al.,	
  AIAA	
  J.	
  Spacecra5	
  and	
  Rockets,	
  
24,	
  227	
  (1987)	




Demonstra8on	
  of	
  Beam	
  Plasma	
  Discharge	
  (BPD)	
  

BPD	
  surrounding	
  a	
  spiral	
  electron	
  
beam	
  observed	
  in	
  laboratory 	


beam	
  trajectory	
  

Local	
  BPD	
  near	
  the	
  electron	
  beam	
  observed	
  
in	
  SEPAC	
  experiment	
  

Beam	
  Plasma	
  Discharge	
  is	
  an	
  ionizaCon	
  by	
  energeCc	
  
electrons	
  generated	
  by	
  beam	
  plasma	
  interacCons	
  in	
  a	
  gas-­‐
beam	
  system.	
  It	
  had	
  been	
  demonstrated	
  in	
  laboratory	
  
experiments	
  on	
  ground.	
  SEPAC	
  first	
  demonstrated	
  the	
  
igniCon	
  of	
  BPD	
  in	
  space	
  without	
  walls.	
  

IgniCon	
  of	
  Beam	
  Plasma	
  Discharge	
  in	
  the	
  Electron	
  Beam	
  Experiment	
  in	
  
Space,	
  S.Sasaki,	
  et.	
  al.,	
  Geophys.	
  Res.	
  LeNs.,	
  10,	
  647	
  (1985)	




Verifica8on	
  of	
  Cri8cal	
  Velocity	
  Ioniza8on	
  (CVI)	
  

 

Experiment Year 
Increase 

Ionization 

SEPAC 
XANI 
STS 39 
ATLAS 1 
APEX 
North Star 
ARGOS 

1983 
1989 
1991 
1992 
1993 
2000 

2000 and 2001 

yes 
yes 
no 
yes 
yes 
yes 
no 

VerificaCon	
  of	
  CVI	
  in	
  space.	


The	
  concept	
  of	
  CriCcal	
  Velocity	
  IonizaCon	
  
was	
  first	
  proposed	
  by	
  Alfve’n,	
  related	
  to	
  the	
  
formaCon	
  of	
  the	
  solar	
  system.	
  The	
  
hypothesis	
  is	
  that	
  a	
  gas	
  plume	
  propagaCng	
  
in	
  a	
  magneCc	
  field	
  at	
  more	
  than	
  a	
  criCcal	
  
velocity	
  will	
  be	
  rapidly	
  ionized.	


Phenomena	
  induced	
  by	
  gas	
  injecCon	
  from	
  
the	
  orbiter,	
  suggesCng	
  the	
  igniCon	
  of	
  CVI.	


An	
  Enhancement	
  of	
  Plasma	
  Density	
  by	
  Neutral	
  Gas	
  InjecCon	
  Observed	
  in	
  SEPAC	
  
Spacelab-­‐1	
  Experiment,	
  S.Sasaki,	
  et.	
  al.,	
  J.	
  Geomag.	
  Geoelectr.,	
  37,	
  883	
  (1985)	




SEPAC	
  Contribu8on	
  to	
  Space	
  Science	
  and	
  
Space	
  Development	
  

the	
  following	
  ac8ve	
  space	
  
experiments	
  such	
  as	
  20	
  –km	
  
tether	
  experiment	
  and	
  gas	
  release	
  
experiments	
  in	
  space.	
  	
  

3. 	
  It	
  was	
  conducted	
  as	
  the	
  first	
  large	
  
scale	
  interna8onal	
  collabora8on	
  
in	
  space	
  program	
  between	
  Japan	
  
and	
  the	
  U.S.,	
  that	
  educated	
  many	
  
scien8sts	
  and	
  engineers	
  who	
  have	
  
lead	
  projects	
  in	
  space	
  science	
  and	
  
even	
  wider	
  fields	
  in	
  Japan	
  and	
  the	
  
U.S.	
  

1.   There	
  were	
  a	
  lot	
  of	
  new	
  findings	
  and	
  surprises	
  in	
  space	
  plasma	
  
physics,	
  especially	
  	
  in	
  par8cle-­‐par8cle	
  and	
  par8cle-­‐wave	
  
interac8ons.	
  

2.   SEPAC	
  demonstrated	
  	
  the	
  controlled	
  space	
  experiment	
  as	
  a	
  powerful	
  
tool	
  to	
  study	
  space	
  physics	
  and	
  play	
  a	
  role	
  of	
  the	
  forerunner	
  to	
  

Comple8on	
  of	
  SEPAC	
  first	
  experiment	
  in	
  1983	




Lessons	
  Learned	
  and	
  Some	
  Personal	
  Impressions	
  
from	
  SEPAC	
  

1.   Since	
  the	
  electron	
  gun	
  failed	
  during	
  the	
  
mission,	
  the	
  high	
  power	
  experiment	
  to	
  
produce	
  the	
  ar8ficial	
  aurora	
  was	
  cancelled.	
  
The	
  scien8fic	
  achievements	
  were	
  
significantly	
  obtained	
  as	
  a	
  whole,	
  but	
  the	
  
failure	
  was	
  strictly	
  cri8cized	
  by	
  the	
  media	
  
and	
  the	
  government.	
  Whether	
  right	
  or	
  
wrong,	
  any	
  failure	
  even	
  in	
  challenging	
  
projects	
  is	
  hardly	
  allowed	
  in	
  Japan,	
  which	
  is	
  
a	
  liUle	
  bit	
  different	
  from	
  the	
  society’s	
  eye	
  in	
  
the	
  U.S.	
  	
  	
  

	
  
2. 	
  The	
  re-­‐flight	
  was	
  planned	
  soon	
  aper	
  the	
  

first	
  experiment,	
  but	
  it	
  was	
  considerably	
  
delayed	
  due	
  to	
  the	
  “Challenger	
  accident”.	
  
The	
  ar8ficial	
  aurora	
  was	
  successfully	
  
generated	
  in	
  the	
  follow-­‐on	
  mission	
  in	
  1992,	
  
9	
  years	
  aper	
  the	
  first	
  aUempt.	
  However,	
  it	
  
did	
  not	
  aUract	
  the	
  scien8sts’	
  aUen8on	
  so	
  
much.	
  For	
  scien8fic	
  research,	
  there	
  is	
  a	
  
“season”.	
  

A	
  Japanese	
  arCcle,	
  “History	
  
of	
  Space	
  Development	
  （ISAS	
  
Story）”.	
  The	
  Ctle	
  is	
  “It’s	
  only	
  
a	
  nut,	
  but	
  a	
  nut.”,	
  explaining	
  
that	
  the	
  failure	
  was	
  caused	
  
by	
  one	
  nut	
  which	
  was	
  
unintenConally	
  le5	
  in	
  the	
  
flight	
  instrument,	
  and	
  SEPAC	
  
was	
  labeled	
  as	
  	
  failing	
  
because	
  the	
  high	
  power	
  
experiments	
  including	
  
arCficial	
  aurora	
  generaCon	
  
were	
  cancelled.	
  	
  



Space	
  Experiments	
  with	
  Par2cle	
  Accelerators	
  Space	
  Experiments	
  with	
  ParCcle	
  Accelerators	
  
	
  (Second	
  Experiment)	
  

ArCficial	
  aurora	
  was	
  successfully	
  generated	
  in	
  
the	
  second	
  SEPAC	
  experiment	
  in	
  1992,	
  which	
  was	
  
conducted	
  9	
  years	
  a5er	
  the	
  first	
  experiment.	
  	




Study	
  of	
  Spacecrap	
  Environment	
  on	
  Space	
  Flyer	
  Unit	
  (SFU)	

When	
  we	
  live	
  on	
  an	
  orbiCng	
  large	
  space	
  structure	
  (or	
  space	
  colony),	
  
we	
  will	
  experience	
  a	
  unique	
  environment	
  (spacecra5	
  environment)	
  
surrounding	
  the	
  structure.	
  	
  
The	
  spacecra5	
  environment	
  is	
  generated	
  by	
  the	
  interacCon	
  between	
  
the	
  structure	
  and	
  space	
  medium.	
  
The	
  spacecra5	
  environment	
  was	
  extensively	
  studied	
  by	
  diagnosCc	
  
packages	
  on	
  the	
  SFU（Space	
  Flyer	
  Unit）	
  launched	
  in	
  1995.	
  	
  	
  	
  



SFU Project started in 1987, as an 
ISAS/MITI/NASDA joint mission.	

SFU was launched in March 1995 by 
H-II-3 rocket, and retrieved by Space 
Shuttle STS-72 in January 1996. The 
project manager was Prof. K.Kuriki and 
Chief Engineer was Prof. M.Nagatomo. 
A lot of space engineers and 
scientists participated in SFU project.	




SFU	
  Environment	
  Monitor/Diagnos8c	
  System	


Environment Monitoring System 
IonizaCon	
  Gauge	
  (2	
  sets)	
  
Pirani	
  Gauge	
  (4	
  sets)	
  
Mass	
  Spectrometer	
  
Plasma	
  Probe	
  (4	
  sensors)	
  
FloaCng	
  Probe	
  
Impedance	
  Probe	
  
Wave	
  Receivers	
  （VLF	
  and	
  HF	
  bands）	
  
Micro-­‐g	
  Meter（3-­‐axis）	
  (4	
  sets)	
  
Exposed	
  material	
  samples	
  (for	
  analysis	
  
a5er	
  retrieval）	
  
	
  
Space Plasma Diagnostic Package 
Spectrometer	
  with	
  exposed	
  sample	
  
materials	
  (for	
  real	
  Cme	
  analysis)	
  
Exposed	
  material	
  samples	
  (for	
  analysis	
  
a5er	
  retrieval）	
  
Magnetometer	
  (3-­‐axis)	
  
Electron	
  Density	
  FluctuaCon	
  Detector	
  

Environment 
Monitoring System 

Space Plasma 
Diagnostic Package 

Study	
  of	
  Spacecra5-­‐generated	
  Environment	
  on	
  Space	
  Flyer	
  Unit,	
  S.Sasaki,	
  et.	
  al.,	
  Proc.	
  of	
  
the	
  19th	
  ISTS,	
  Yokohama,	
  769-­‐774(1994)	




Major	
  Results	
  Obtained	
  in	
  the	
  Research	
  	
  of	
  
SFU	
  Spacecrap	
  Environment	


Spacecra5	
  PotenCal	


Change	
  of	
  Pressure	
  in	
  
a	
  Long	
  Period	
  

Micro-­‐g	
  
Environment	
  

ElectromagneCc	
  
Environment	


	
  During	
  the	
  dayCme,	
  the	
  potenCal	
  of	
  
spacecra5	
  with	
  respect	
  to	
  the	
  ambient	
  
plasma	
  is	
  determined	
  by	
  the	
  solar	
  array	
  
voltage(*1).	
  

The	
  pressure	
  near	
  the	
  surface	
  of	
  spacecra5	
  
is	
  dominated	
  by	
  the	
  outgassing	
  effect	
  for	
  
about	
  6	
  months	
  a5er	
  launch.	
  Water	
  is	
  the	
  
principal	
  consCtuent	
  .	
  

Surrounding	
  large	
  space	
  structures,	
  there	
  
always	
  exist	
  low	
  frequency	
  broad	
  band	
  
noises,	
  possibly	
  excited	
  by	
  the	
  density	
  
gradient	
  of	
  the	
  surrounding	
  plasma.	
  	
  

The	
  micro-­‐g	
  environment	
  is	
  much	
  beNer	
  
than	
  the	
  manned	
  space	
  staCon,	
  but	
  there	
  
are	
  always	
  low	
  level	
  vibraCon	
  near	
  the	
  
characterisCc	
  frequencies	
  of	
  the	
  spacecra5	
  
structure.	
  

*1	
  	
  Plasma	
  Effects	
  Driven	
  by	
  	
  ElectromoCve	
  Force	
  of	
  Spacecra5	
  Solar	
  Array,	
  S.Sasaki,	
  Geophys.	
  Res.	
  LeNs.,	
  Vol.26,	
  No.13,	
  1809-­‐1812	
  (1999)	




1.	
  For	
  the	
  experiment	
  planning,	
  “Time	
  Line	
  Generator”	
  
was	
  used	
  to	
  automa8cally	
  arrange	
  the	
  complicated	
  
experiment	
  requests	
  from	
  the	
  10	
  PI	
  teams.	
  This	
  technique	
  
originally	
  came	
  from	
  NASA,	
  but	
  was	
  modified	
  for	
  SFU	
  
project.	
  It	
  worked	
  quite	
  effec8vely.	
  

2.	
  During	
  the	
  standby	
  opera8on	
  to	
  wait	
  for	
  retrieval	
  
(aper	
  the	
  nominal	
  mission)	
  ,	
  the	
  frequency	
  of	
  ground	
  
tracking	
  opera8on	
  was	
  reduced	
  to	
  save	
  opera8on	
  cost.	
  It	
  
turned	
  out	
  to	
  be	
  a	
  bad	
  decision.	
  Since	
  we	
  could	
  not	
  8mely	
  
no8ce	
  the	
  spacecrap	
  problem,	
  SFU	
  fell	
  into	
  a	
  dangerous	
  
situa8on	
  for	
  a	
  while.	
  Avoid	
  easy	
  compromise	
  any	
  8me	
  
during	
  the	
  flight	
  opera8on.	
  

3.	
  During	
  the	
  retrieval	
  phase	
  by	
  the	
  ShuUle,	
  we	
  had	
  to	
  
separate	
  the	
  solar	
  paddles	
  just	
  before	
  the	
  berthing	
  
(con8ngency	
  opera8on)	
  because	
  we	
  failed	
  to	
  retract	
  
them.	
  The	
  paddles	
  were	
  separated	
  in	
  8me	
  perfectly.	
  That	
  
emergency	
  had	
  been	
  considered	
  a	
  very	
  low	
  probability	
  
case,	
  but	
  the	
  separa8on	
  procedure	
  was	
  repeatedly	
  tested	
  
in	
  the	
  operator’s	
  training	
  session.	
  It	
  is	
  important	
  to	
  make	
  
sufficient	
  training	
  for	
  cri8cal	
  opera8on	
  to	
  avoid	
  total	
  loss	
  
even	
  if	
  the	
  probability	
  for	
  such	
  situa8on	
  is	
  extremely	
  low.　	
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