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(54)  Device  with  unheated  hollow  cathode  for  the  dynamic  generation  of  plasma. 

(57)  A  device  comprising  a  hollow  cylinder  (3)  of 
suitable  material  (the  cathode)  and  one  or  more  F | Q  
anodes  (5,  7)  of  suitable  shape  and  dimensions  ^   ' 
permits  the  generation  of  high-density  plasma  I 
capable  of  being  used  particularly  (but  not  exc-  j 
lusively)  for  applications  in  space.  The  plasma  is  -  ,  ,q  /  1  \~  | 
produced  by  means  of  an  electrical  discharge  in  (   ̂ /|||  i  | 
a  gas  which  flows  in  the  device  through  the  M^SS7  K\~  \ ~  
cathode  (3)  and  suitable  orifices  (8,  27)  formed  ^ L ^ ^ ^ 7   II  _  /' 
in  the  anodes  (5,  7)  in  order  to  create  a  pressure   ̂ itt  f 
difference  between  the  cathode  cavity  (3C)  in  J  •' 
which  the  discharge  is  to  be  initiated  and  the  J ^ L L . .  
exterior  of  the  device.  The  discharge  is  initiated  ■/%  /  <' 
in  the  first  place  between  the  hollow  cathode  (3) 
and  the  first  anode  (5)  and  is  then  transmitted  to  15  '  / \   }\ the  following  anodes.  The  cathode  (3),  unlike  )  X,^A  1 
the  usual  hot  cathodes,  not  only  does  not  have  a  ~ ^ / /   /  / A   1  1 filament  to  heat  it  to  a  suitable  temperature  "Hm!  \   r i  before  the  initiation  of  the  discharge,  but  can  L\|  J  Lp- 
operate  even  if  kept  suitably  cold.  \j  A  \   \ 
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The  invention  relates  to  a  plasma  generator  of  the 
type  comprising  a  hollow  cathode  through  which  a  gas 
is  supplied,  a  containment  chamber  in  which  said 
cathode  is  enclosed,  and  an  anode  disposed  in  front 
of  said  cathode  and  having  one  or  more  holes  for  the 
passage  of  the  plasma. 

Plasma  generators  of  this  type  which  are  known 
at  the  present  time  generally  have  a  cathode  which  is 
hot,  in  other  words  heated  electrically,  and  which  ter- 
minates  in  a  suitably  calibrated  nozzle  through  which 
the  gas  supplied  through  the  cavity  of  the  cathode 
exits.  In  the  terminal  region  of  the  cathode,  near  the 
nozzle,  there  is  disposed  an  insert  of  porous  material, 
for  example  tungsten,  impregnated  with  materials 
with  a  low  work  function,  for  example  oxides  of  barium 
or  of  calcium. 

The  hot  cathodes  of  these  generators  are  critical 
components  of  the  devices,  since  they  are  extremely 
sensitive  to  the  presence  of  oxygen,  moisture  and 
other  contaminants  present  in  the  gas  supplied  to 
their  interior  or  in  the  environment.  For  this  reason,  it 
is  necessary  to  provide  an  extremely  sophisticated 
gas  supply  line,  which  in  most  cases  comprises 
expensive  devices  for  eliminating  impurities,  which 
devices  have  to  be  periodically  checked  and  rep- 
laced.  Furthermore,  the  hot  cathode  requires  the  pre- 
sence  of  a  power  supply  unit,  which  forms  an 
additional  element  of  the  system,  which  is  susceptible 
to  failure,  and  in  any  case  increases  the  weight  and 
power  consumption  of  the  system.  This  is  a  disadvan- 
tage  particularly  for  applications  in  space,  and  typical 
of  these  plasma  generators.  Another  disadvantage  of 
the  hot  cathode  plasma  generators  is  related  to  the 
presence  of  high  temperatures  in  the  cathode  and  in 
the  surrounding  regions,  which  dictates  the  use  of 
compatible  materials,  components  and  processes 
and  requires  precise  technical  design. 

The  object  of  the  present  invention  is  to  provide 
a  hollow  cathode  plasma  generating  device  in  which 
the  disadvantages  indicated  above  are  eliminated. 

These  and  other  objects,  which  will  be  clearly 
understood  by  experts  in  the  field  from  a  reading  of  the 
following  text,  are  attained  with  a  hollow  cathode 
plasma  generator  of  the  type  mentioned  above,  whe- 
rein  said  cathode  is  not  heated  by  an  external  heat 
source  and  has  a  terminal  portion  open  toward  the 
anode,  and  said  anode  has  at  least  one  calibrated 
hole  forming  a  plasma  outlet  nozzle. 

Basically,  by  using  a  particular  cathode 
geometry,  without  a  nozzle  and  shaped  with  a  termi- 
nal  portion  of  suitable  shape,  for  example  cylindrical, 
of  suitable  diameter  and  length,  and  an  anode  with  at 
least  one  hole  calibrated  in  such  a  way  as  to  form  a 
plasma  outlet  nozzle,  it  is  possible  to  generate  plasma 
even  without  heating  the  cathode.  By  using  the 
unheated  cathode,  it  is  possible  to  eliminate  a  critical 
component  necessary  in  the  devices  used  hitherto, 
and  to  omit  the  power  generator  for  the  heating  of  the 

cathode.  The  disadvantages  arising  from  the  sensiti- 
vity  of  hot  cathodes  of  the  known  type  to  the  presence 
of  impurities  and  contaminants  in  the  gas  supplied  or 
in  the  environment  are  also  eliminated,  with  a  con- 

5  siderable  simplification  of  the  gas  supply  line,  which 
does  not  need  to  be  equipped  with  purification 
devices. 

The  cathode  may,  if  necessary,  also  be  cooled  by 
a  suitable  cooling  system.  With  a  cooled  cathode  it  is 

10  possible  to  eliminate  all  the  disadvantages  arising 
from  the  presence  of  high  temperatures  in  the  cathode 
and  in  the  surrounding  regions. 

Finally,  greater  simplicity  and  greater  reliability 
are  achieved,  with  consequent  economies  in  design 

15  and  control,  and  wider  possibilities  for  the  use  of  the 
plasma  generator. 

Further  advantageous  embodiments  of  the 
plasma  generator  according  to  the  invention  are  indi- 
cated  in  the  attached  claims. 

20  The  invention  will  be  more  clearly  understood 
from  an  examination  of  the  description  and  the 
attached  drawing,  which  shows  a  non-restrictive  prac- 
tical  example  of  said  invention.  In  the  drawing, 

Fig.  1  is  a  schematic  longitudinal  section  of  the 
25  generator  according  to  the  invention; 

Figs  2  to  6  show,  very  schematically,  various 
examples  of  the  use  of  the  generator;  and. 
Figs  7  and  8  show  modified  embodiments  of  the 
cathode. 

30  Fig.  1  shows  a  possible  embodiment  of  the 
generator  according  to  the  invention,  indicated  as  a 
whole  by  1  ,  in  which  are  shown  the  characteristic  ele- 
ments  which  consist  of:  a  hollow  cathode  indicated  as 
a  whole  by  3,  one  or  more  anodes  5,  7  (of  which  5  is 

35  nearest  to  the  cathode  3  and  delimits  a  containment 
chamber  9),  and  a  gas  supply  channel  11.  The  con- 
tainment  chamber  9  is  further  delimited  by  a  cylindri- 
cal  insulator  13  (made  of  ceramic  or  other  suitable 
insulating  material)  and  by  a  flange  15  of  a  support 

40  indicated  as  a  whole  by  17,  mounted,  with  the  inter- 
position  of  an  insulator  19,  on  a  fixing  interface  21. 

The  example  in  Fig.  1  shows  two  anodes  5,  7  in 
series,  but  obviously  the  device  may  also  be  made 
with  a  single  anode,  or  with  more  than  two  anodes  in 

45  series. 
Starter  and  polarization  voltages  (with  respect  to 

the  cathode)  are  applied  to  the  anodes.  A  gas,  usually 
a  noble  gas,  is  introduced  into  the  cathode  3  and  then 
into  the  containment  chamber  9  through  the  supply 

so  channel  1  1  with  a  flow  capable  of  creating  in  the  cavity 
3C  of  the  cathode  3  the  optimal  pressure  regime  for 
a  low-voltage  discharge.  The  desired  relation  be- 
tween  the  flow  and  pressure  of  the  gas  inside  the 
cathode  cavity  3C  is  determined  according  to  the 

55  number,  shape  and  dimensions  of  the  anodes. 
The  cathode  consists  of  a  hollow  cylinder  of 

homogeneous  or  non-homogeneous  material,  which 
may  be  in  the  form  of  an  insert  located  within  the  ter- 

2 
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minal  part  of  the  gas  supply  channel  11.  Said  material 
may  be  a  metal  with  a  high  melting  point,  or  a  porous 
matrix  (for  example  tungsten  or  graphite)  impreg- 
nated  with  a  material  with  a  low  work  function  (for 
example,  an  alkali  metal  such  as  cesium  or  rubidium, 
or  a  mixture  of  oxides  of  barium,  calcium,  aluminum, 
strontium  and  similar).  However,  since  the  device  can 
also  operate  with  a  suitably  cooled  cathode,  materials 
with  a  low  melting  point  may  also  be  used  for  the 
cathode.  In  Fig.  1  the  cathode  has  no  cooling  system, 
and  is  formed  with  a  cylindrical  insert  4  located  in  the 
terminal  portion  of  the  channel  11.  In  the  modified 
embodiment  in  Fig.  7,  the  cathode  again  has  no  cool- 
ing  system,  and  is  formed  by  the  same  terminal  por- 
tion  of  the  channel  11.  In  this  case,  a  different  shape 
of  the  cathode  cavity  is  also  provided,  configured  as 
an  assembly  of  portions  of  cylindrical  sections  of  vari- 
able  diameter.  With  this  disposition  the  discharge  is 
initiated  in  one  or  other  of  the  portions  of  the  cathode 
cavity  according  to  the  flow  conditions,  and  particu- 
larly  according  to  the  pressure  in  the  cathode  cavity. 
In  the  embodiment  in  Fig.  8,  the  cathode  3  is  again  for- 
med  by  the  terminal  portion  of  the  channel  11,  has  a 
cylindrical  or  prismatic  cathode  cavity  3C,  and  is 
equipped  with  a  cooling  system,  schematically  indi- 
cated  by  6. 

The  cathode  3  is  connected  to  its  support  17  by 
means  of  the  channel  1  1  ,  through  which  the  gas  flows, 
and  which  has  a  section  and  is  made  of  a  material 
which  are  such  that  the  desired  thermal  regime  is 
obtained  for  the  hollow  cathode  3. 

Facing  the  cathode,  and  at  a  distance  1a  from  it, 
there  is  disposed  the  first,  suitably  insulated,  anode  5, 
whose  shape  may  be  variable,  and  which  according 
to  the  invention  is  perforated  at  one  or  more  points  so 
that,  for  a  given  flow  of  gas,  the  desired  pressure  dis- 
tribution  is  established  as  the  regime  in  the  cathode 
cavity  3C.  In  the  example  in  Fig.  1  a  single  hole  8  of 
diameter  da  is  indicated.  The  first  anode  5  is  suppor- 
ted  by  the  insulator  13  which  electrically  insulates  it 
from  the  cathode  and  which  has  the  additional  func- 
tion  of  confining  the  gas  in  the  containment  chamber, 
obliging  it  to  exit  through  the  hole  in  the  anode  5.  Ulti- 
mately,  therefore,  the  pressure  regime  in  the  cathode 
cavity  3C  and  in  the  containment  chamber  is  deter- 
mined  by  the  diameter  da  of  the  hole  in  the  anode  5. 
Said  hole  therefore  has  the  purpose  not  only  of  per- 
mitting  the  exit  of  the  plasma  to  the  exterior  of  the  con- 
tainment  chamber  (as  is  typical  of  hot  cathode 
generators),  but  also  of  determining  the  pressure  gra- 
dient  between  the  cathode  cavity  and  the  exterior. 

The  parameters  [k  and  dk  (depth  and  internal 
diameter  of  the  cathode  cavity  3C)  and  la  (distance 
between  cathode  3  and  first  anode  5)  are  chosen 
according  to  the  operating  parameters  (pressure, 
starter  and  discharge  voltage,  discharge  current). 
Typical  values  of  these  parameters  vary  from  frac- 
tions  of  a  millimeter  to  a  centimeter  and  more. 

Additionally,  the  ratio  Ik/dk  must  be  greater  than  a 
characteristic  value  (generally  between  1  and  2,  and 
a  function  of  the  material  of  the  cathode  cavity  3C)  to 
enable  the  discharge  to  be  initiated  in  the  cathode 

5  cavity  3C.  The  geometry  of  the  containment  chamber 
9  is  chosen  in  such  a  way  as  to  prevent  initiation  and 
consequently  discharge  in  regions  where  it  is  not  des- 
ired. 

The  device  in  Fig.  1  is  completed  by  the  additional 
10  anode  7,  supported  by  a  cylindrical  insulator  25  and 

provided  with  a  hole  27  (or  with  a  number  of  suitably 
distributed  holes).  The  diameter  of  the  hole  27  is  gre- 
ater  than  the  diameter  da  of  the  hole  8  in  the  first 
anode  5.  The  second  anode  7  (and  any  other 

15  additional  anodes  which  are  not  shown)  has  the  func- 
tion  of  facilitating  the  extraction  of  electrical  charges 
and  of  promoting  further  ionization  of  the  gas. 

The  electrical  power  supply  to  the  device  is  pro- 
vided  by  applying  a  continuous  or  pulsed  voltage  be- 

20  tween  the  anode  (or  anodes)  and  the  hollow  cathode 
3.  At  the  moment  of  firing  of  the  device,  the  voltage 
applied  to  the  first  anode,  indicated  schematically  as 
Valk,  must  have  a  sufficiently  high  value  (of  the  order 
of  tens  or  hundreds  of  volts)  to  initiate  a  glow  dis- 

25  charge  inside  the  cathode  cavity  3C.  This  value  may 
be  reduced  by  suitable  specification  of  the  diameter 
dk  and  length  Ik  of  the  cathode  cavity  3C  and/or  by 
making  the  anode  in  a  suitable  shape,  for  example 
with  one  or  more  pointed  protuberances  directed 

30  toward  the  cathode  3. 
After  the  initiation,  the  discharge  may  be  transfer- 

red  to  the  additional  anodes,  depending  on  the  vol- 
tages  applied  to  them.  The  voltages  applied  to  the  first 
anode  5  and  to  the  additional  anodes  must  regulate 

35  the  current  associated  with  the  glow  discharge  in 
accordance  with  the  desired  value. 

The  additional  anodes,  such  as  the  anode  7  rep- 
resented  in  Fig.  1,  may  be  electrically  connected  to 
the  first  anode  and  therefore  be  at  the  same  potential 

40  as  the  first  anode  with  respect  to  the  cathode  3,  or  may 
be  supplied  separately  with  suitable  voltages  accord- 
ing  to  the  characteristics  required  for  the  plasma  pro- 
duced.  In  the  example  in  Fig.  1,  the  anode  7  is 
maintained  at  a  voltage  Va2k  which  is  different  from 

45  the  voltage  of  the  first  anode. 
The  generator  according  to  the  invention  may  be 

used  for  applications  in  space,  for  example  in  the  fol- 
lowing  cases: 

-  discharging  of  dielectric  surfaces  or  insulated 
so  parts  of  space  vehicles;  this  application  is  shown 

schematically  in  Fig.  2,  where  30  indicates  the 
dielectric  surface  of  the  vehicle; 
-  plasma  contactors  for  establishing  a  low-impe- 
dance  electrical  contact  between  a  space  vehicle 

55  and  the  ionospheric  plasma,  or  between  two 
space  vehicles  for  docking  maneuvers.  These 
two  applications  are  shown  in  Figs  3  and  4  re- 
spectively,  in  which  32  and  34  indicate  the  two 

3 
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space  vehicles; 
-  production  of  primary  plasma  in  the  discharge 
chambers  of  ion  engines; 
-  production  of  neutralizing  plasma  for  the  beams 
of  ion  engines;  -  production  of  plasma  in  iono- 
sphere  simulation  experiments  on  earth; 
-  ion  generators. 
The  applications  in  the  industrial  field  are  equally 

important  in  all  cases  in  which  the  production  of  a 
plasma  is  necessary  for  the  treatment  of  surfaces  in 
a  vacuum,  such  as  ion  etching,  ion  implantation,  sput- 
tering,  and  so  on.  The  device  may  be  used  advan- 
tageously  to  generate  the  primary  plasma  and  the 
neutralizing  plasma  of  ion  sources. 

Of  particular  interest  among  the  space  appli- 
cations  is  the  application  in  tethered  systems.  This 
type  of  application  is  represented  in  Figs  5Aand  5B. 
More  particularly,  the  said  figures  show  the  use  of  two 
plasma  generators  according  to  the  invention  applied 
at  the  ends  of  the  tethered  system  comprising  a  cable 
40  and  an  electrical  generator  42  (Fig.  5A)  or  a  user 
43  (Fig.  5B).  In  this  application,  the  two  plasma  con- 
tactors  1  have  the  function  of  establishing  contactsat 
low  impedance  between  each  terminal  T1,  T2  of  the 
tether  and  the  ambient  plasma,  with  the  purpose  of 
minimizing  the  tether  current  circulation  losses  and 
optimizing  the  use  of  the  tether  for  purposes  of 
mechanical  propulsion  (Fig.  5A)  or  electrical  power 
generation  (Fig.  5B).  F  indicates  the  force  acting  on 
the  tether,  30  the  orbital  velocity,  B  the  terrestrial  mag- 
netic  field,  C  the  tether  current,  and  e-  the  electrons 
passing  from  the  plasma  to  the  tether  or  vice  versa. 

Fig.  6  represents  a  further  application  of  the 
generator  according  to  the  invention  in  a  tethered  sys- 
tem,  in  which  parts  identical  to  those  illustrated  in  Fig. 
5  are  indicated  by  the  same  references.  In  this  case, 
the  plasma  generator  1  has  the  function  of  establish- 
ing  a  contact  at  low  impedance  between  the  end  T2 
of  the  tether  and  the  surrounding  plasma,  with  the  pur- 
pose  of  optimizing  the  use  of  the  system  for  the  gen- 
eration  of  electromagnetic  waves  and  for  the  study  of 
the  interactions  between  the  plasma  and  a  beam  of 
electrons  FE  emitted  from  a  modulatable  electron  gun 
CE. 

It  is  to  be  understood  that  the  drawing  shows  only 
an  example  provided  solely  as  a  practical  demon- 
stration  of  the  invention,  it  being  possible  to  vary  the 
invention  in  its  forms  and  dispositions  without  thereby 
departing  from  the  scope  of  the  guiding  concept  of 
said  invention.  Any  reference  numbers  in  the  attached 
claims  have  the  purpose  of  facilitating  the  reading  of 
the  claims  with  reference  to  the  description  and  to  the 
drawing,  and  do  not  limit  the  scope  of  protection  rep- 
resented  by  the  claims. 

Claims 

1  .  A  plasma  generator  of  the  type  comprising  a  hol- 
low  cathode  through  which  the  gas  is  supplied,  a 

5  containment  chamber  in  which  said  cathode  is 
enclosed,  and  an  anode  disposed  in  front  of  said 
cathode  and  having  a  hole  for  the  passage  of  the 
plasma,  wherein  said  cathode  is  an  unheated 
cathode,  which  has  a  cathode  cavity  open  toward 

10  the  anode,  and  said  anode  has  at  least  one  cali- 
brated  hole  forming  a  plasma  outlet  nozzle,  said 
hole  being  of  such  dimensions  as  to  maintain  the 
desired  pressure  gradient  between  the  contain- 
ment  chamber  and  the  exterior  for  the  initiation 

15  and  maintenance  of  the  discharge. 

2.  The  generator  as  claimed  in  claim  1  ,  wherein  said 
hole  in  the  anode  is  coaxial  with  the  cathode 
cavity. 

20 
3.  The  generator  as  claimed  in  claim  1  or  2,  wherein 

it  comprises  one  or  more  additional  anodes  in 
series  with  said  anode. 

25  4.  The  generator  as  claimed  in  claim  3,  wherein  said 
additional  anode  or  anodes  are  at  the  same 
potential  as  the  first  anode. 

5.  The  generator  as  claimed  in  claim  3,  wherein  said 
30  additional  anode  or  anodes  are  at  different  poten- 

tials  with  respect  to  said  first  anode. 

6.  The  generator  as  claimed  in  one  or  more  of  the 
preceding  claims,  wherein  the  cathode  is  formed 

35  from  metallic  material. 

7.  The  generator  as  claimed  in  one  or  more  of  claims 
1  to  5,  wherein  the  cathode  is  formed  by  a  porous 
matrix  impregnated  with  materials  having  a  low 

40  work  function. 

8.  The  generator  as  claimed  in  claim  7,  wherein  said 
matrix  is  formed  from  graphite  impregnated  with 
cesium  or  rubidium. 

45 
9.  The  generator  as  claimed  in  one  or  more  of  the 

preceding  claims,  wherein  the  cathode  is  made  of 
a  material  resistant  to  high  temperatures  so  that 
it  operates  even  if  not  cooled. 

50 
10.  The  generator  as  claimed  in  one  or  more  of  claims 

1  to  8,  wherein  a  cooling  system  is  associated 
with  the  cathode. 

55  11.  The  generator  as  claimed  in  one  or  more  of  the 
preceding  claims,  wherein  the  cathode  cavity  has 
axial  symmetry. 
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12.  The  generator  as  claimed  in  claim  11,  wherein 
said  cathode  cavity  is  cylindrical  or  prismatic,  the 
opening  toward  the  anode  having  a  dimension 
equal  to  the  transverse  section  of  the  cathode 
cavity. 

1  3.  The  generator  as  claimed  in  claim  1  1  ,  wherein  the 
cathode  cavity  has  a  variable  section  which  is  at 
its  maximum  at  the  opening  toward  the  anode. 

10 
1  4.  The  generator  as  claimed  in  claim  1  3,  wherein  the 

cathode  cavity  is  formed  by  a  plurality  of  consecu- 
tive  portions  with  a  section  gradually  variable 
from  a  minimum  value  at  the  gas  inlet  portion  to 
a  maximum  value  at  the  opening  toward  the  15 
anode. 

15.  The  plasma  generator  as  claimed  in  one  or  more 
of  the  preceding  claims,  wherein  the  transverse 
section  and  axial  length  of  the  cathode  cavity  and  20 
the  distance  between  the  opening  of  said  cathode 
cavity  and  the  anode  are  chosen  to  establish  the 
basic  operating  characteristics  of  the  generator, 
such  as  the  starter  voltage,  the  current  and  the 
discharge  voltage.  25 

1  6.  The  generator  as  claimed  in  claim  1  5,  wherein  the 
ratio  between  the  depth  (Ik)  and  the  transverse 
dimension  (dk)  of  the  cathode  cavity  exceeds  a 
characteristic  value  (generally  between  1  and  2,  30 
and  a  function  of  the  material  of  the  cathode 
cavity),  making  it  possible  to  initiate  the  discharge 
in  the  cathode  cavity  itself. 
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