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©  An  alkali  metal  vapor  arc  discharge  lamp 
which  operates  on  DC  and  employs  an  amalgam 
of  mercury  and  an  alkali  metal  such  as  sodium, 
has  a  cathode  to  anode  pressure  ratio  no  grea- 
ter  than  5  and  a  cathode  end  temperature  at 
least  50°C  hotter  than  the  anode  end  tempera- 
ture  to  prevent  cataphoretic  separation  of  the 
mercury  and  alkali  metal  in  the  arc  discharge 
during  operation  of  the  lamp.  The  lamp  is  desig- 
ned  to  have  a  cataphoretic  driving  parameter 
(CDP)  value  of  less  than  150.  The  CDP  is  defined 
as  the  product  of  the  arc  current  in  amperes, 
times  the  arc  gap  length  in  centimeters,  divided 
by  square  of  the  inner  diameter  of  the  arc  tube 
in  centimeters. 
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BACKGROUND  OF  THE  INVENTION 

Field  of  the  Invention 

This  invention  relates  to  a  DC  operated  alkali  met- 
al  vapor  arc  discharge  lamp.  More  particularly,  this  in- 
vention  relates  to  a  DC  operated  sodium  vapor  arc 
discharge  lamp  comprising  an  elongated  cylindrical 
arc  tube  having  an  electrode  sealed  in  each  end  to 
form  a  cathode  end  and  an  anode  end  and  containing 
a  sodium  amalgam  and  a  noble  starting  gas,  with  the 
temperature  at  the  cathode  end  at  least  50°C  greater 
than  the  temperature  at  the  anode  end  and  a  cathode 
to  anode  sodium  pressure  ratio  no  greater  than  5  dur- 
ing  operation. 

BACKGROUND  OF  THE  DISCLOSURE 

High  intensity  alkali  metal  vapor  arc  discharge 
lamps,  such  as  high  pressure  sodium  (HPS)  arc  dis- 
charge  lamps  are  widely  used  for  outdoor  lighting  be- 
cause  of  their  high  efficacy  as  measured  in  lumens 
per  watt.  However,  lighting  systems  employing  HPS 
lamps  often  exhibit  noticeable  buzzing,  light  flicker 
and  stroboscopic  effects  during  operation  from  AC 
sources  which  can  be  annoying  to  the  observer.  This 
is  especially  noticeable  with  a  standard  50-60  Hz  line 
source.  There  are  some  specialized  applications 
where  only  DC  power  is  available  such  as  in  mines  or 
on  heavy  equipment.  DC  operation  of  such  lamps, 
particularly  on  steady  DC,  will  avoid  the  flickering 
problem  but  create  other  problems  associated  with 
cataphoresis.  Those  skilled  in  the  art  know  that  cat- 
aphoresis  is  a  problem  with  any  continuous  DC  oper- 
ated  lamp  having  multi-component  vapors  and  in  the 
case  of  an  arc  discharge  lamp  containing  alkali  metal 
vapor  and  mercury  or  noble  gas,  exhibits  itself  as  a 
h  ig  her  concentration  of  t  he  alkal  i  metal  at  t  he  cat  hode 
or  negative  end  of  the  arc  tube  or  chamber  due  to  the 
unidirectional  force  toward  the  cathode  that  the  elec- 
tric  field  exerts  on  the  alkali  metal  ions.  Thus,  the  al- 
kali  metal  partial  pressure  at  the  cathode  end  of  the 
arc  tube  is  greater  than  that  at  the  anode  end.  This 
results  in  a  difference  in  both  the  color  and  intensity 
of  the  emitted  light  along  the  length  of  the  arc  tube 
and  is  more  noticeable  with  longer  and  narrower  arc 
tubes.  This  does  not  normally  occur  in  AC  operation 
wherein  the  alkali  metal  pressure  is  fairly  uniform  or 
constant  along  the  length  of  the  arc  tube. 

The  cataphoresis  phenomenon  also  occurs  with 
low  pressure  metal  vapor  arc  discharge  lamps,  such 
as  fluorescent  lamps  which  use  mercury  vapor  and  a 
noble  gas  in  the  light-emitting  arc  discharge.  Some  at- 
tempts  have  been  made  to  overcome  cataphoresis  in 
DC  operated  fluorescent  lamps.  U.S.  3,117,248  dis- 
closes  a  feedback  tube  between  the  anode  and  cath- 
ode  ends  of  the  lamps  and  also  suggests  counteract- 
ing  cataphoresis  by  increasing  the  wall  temperature 

or  current  density.  In  U.S.  3,617,792  a  highly  loaded 
and  unsealed  glass  tube  inside  a  fluorescent  lamp  en- 
velope  is  employed  to  counteract  cataphoresis.  U.S. 
4,698,549  discloses  the  use  of  an  indium  amalgam 

5  behind  the  anode  in  order  to  maintain  a  more  even 
mercury  distribution  in  a  DC  operated  fluorescent 
lamp,  but  this  will  not  work  with  an  alkali  metal  vapor 
arc  discharge  lamp  such  as  an  HPS  lamp.  Moreover, 
it  is  not  practical  to  use  a  feedback  tube  between 

10  anode  and  cathode  ends  for  an  HPS  lamp  nor  is  it 
practical  to  use  an  unsealed  tube  inside  the  arc  tube 
to  counteract  for  cataphoresis  in  such  lamps.  Hence, 
there  is  a  need  for  a  DC  operated,  high  intensity  alkali 
metal  vapor  arc  discharge  lamp  and  particularly  one 

15  having  an  efficacy  proximate  that  of  an  AC  operated 
lamp  of  the  same  wattage. 

SUMMARY  OF  THE  INVENTION 

20  The  present  invention  relates  to  a  DC  operated  al- 
kali  metal  vapor  arc  discharge  lamp,  such  as  a  high 
pressure  sodium  (HPS)  vapor  lamp  which  comprises 
a  linear,  light  transmissive  arc  chamber  having  a  cath- 
ode  at  one  end  and  an  anode  at  the  other  end  and 

25  containing  an  alkali  metal  amalgam  and  a  starting 
gas,  with  the  temperature  at  the  cathode  end  at  least 
50°C  and  preferably  at  least  60°C  higher  than  the 
anode  end  and  a  cathode  to  anode  alkali  metal  vapor 
pressure  ratio  of  no  greater  than  5  during  operation  of 

30  said  lamp.  The  amalgam  is  an  amalgam  of  alkali  metal 
and  mercury  and  preferably  an  amalgam  which  con- 
tains  at  least  20  wt.  %  of  alkali  metal.  Any  amalgam 
present  in  excess  of  the  amount  vaporized  during 
lamp  operation  will  be  located  behind  the  tip  of  the 

35  anode.  The  arc  chamber  or  tube  is  made  of  a  suitable 
ceramic  such  as  alumina.  In  a  preferred  embodiment 
the  cataphoretic  driving  parameter  (CDP)  will  have  a 
value  of  less  than  150  and  preferably  less  than  130. 
The  CDP  is  the  product  of  the  arc  current  in  amperes 

40  (I),  times  the  arc  gap  length  in  centimeters  (G),  divid- 
ed  by  the  square  of  the  inner  diameter  (B)  of  the  arc 
tube  in  centimeters,  or  IG/B2. 

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 
45 

Figure  1  schematically  illustrates  an  HPS  lamp 
useful  in  the  practice  of  the  invention. 

Figure  2  is  a  sectional  view  of  an  HPS  arc  tube  de- 
sign  useful  in  the  present  invention  having  an  internal 

so  amalgam  reservoir. 
Figure  3  graphically  illustrates  normalized  effica- 

cy  for  an  HPS  lamp  as  a  function  of  the  scaled  sodium 
pressure. 

Figure  4  is  a  plot  of  the  ratio  of  cathode  end  so- 
55  dium  pressure  to  anode  end  sodium  pressure  as  a 

function  of  the  cataphoretic  driving  parameter  for  a 
DC  operated  HPS  lamp. 
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DETAILED  DESCRIPTION 

Turning  to  Figure  1(a),  an  HPS  lamp  1  useful  in 
the  practice  of  the  invention  is  schematically  illustrat- 
ed  as  comprising  a  vitreous  outer  envelope  2  with  a 
standard  mogul  screw  base  3  attached  to  the  stem 
end.  A  reentrant  stem  4  has  a  pair  of  lead-in  conduc- 
tors  5  and  6  extending  through  it  the  outer  ends  of 
which  are  connected  to  the  screw  shell  7  and  eyelet 
8  of  the  base  as  a  means  of  supplying  electricity  to  the 
lamp.  Arc  tube  or  chamber  9  is  a  hollow  tube  of  a  light- 
transmitting  ceramic  tubing  such  as  polycrystalline 
alumina  which  is  translucent  to  light.  Single  crystal 
alumina,  such  as  sapphire  which  is  clear  and  trans- 
parent,  may  also  be  used.  The  cathode  end  of  the  arc 
chamber  is  closed  by  an  alumina  ceramic  plug  10 
through  which  extends  niobium  inlead  wire  11  her- 
metically  sealed  in  plug  10for  supporting  the  cathode 
30  illustrated  in  Figure  1(b).  The  anode  end  of  arc  tube 
9  illustrated  in  Figure  1(c)  includes  a  ceramic  plug  12 
through  which  extends  a  thin-walled  niobium  tube  13 
hermetically  sealed  into  plug  12.  The  niobium  tube  13 
serves  as  an  exhaust  and  fill  tubulation  during  man- 
ufacture  of  the  lamp,  as  a  current  inlead,  as  an  exter- 
nal  reservoir  for  excess  sodium-mercury  amalgam  in 
the  finished  lamp,  and  as  a  support  for  anode  14. 
Tube  13  is  hermetically  pinch  sealed  at  26  which  is 
the  coldest  portion  of  the  overall  arc  chamber  space. 
Flattened  portion  27  is  a  capillary  reservoir  for  excess 
amalgam  external  to  arc  tube  9.  Asealing  composition 
such  as  a  mixture  of  alumina  and  calcia  well  known  to 
those  skilled  in  the  art,  is  used  to  seal  the  ceramic 
end  plugs  10  and  12  to  the  anode  and  cathode  ends, 
respectively,  of  arc  chamber  9  and  also  to  seal  nio- 
bium  conductors  11  and  13  through  the  plugs.  Figure 
1(c)  illustrates  anode  14  which  comprises  tungsten 
wire  15  wound  on  a  tungsten  shank  16  in  two  layers. 
The  shank  is  seized  in  the  inwardly  projecting  end  of 
niobium  tube  13  either  by  crimping  or  by  welding  at 
17;  an  aperture  18  allows  passage  of  sodium-mer- 
cury  amalgam  vapor  from  the  exhaust  tube  into  the 
arc  chamber  or  cavity  of  the  arc  tube  9.  The  electro- 
des  are  normally  activated  by  alkaline  earth  metal 
compounds  such  as  dibarium-calcium  tungstate,  re- 
tained  in  the  interstices  between  turns  of  the  coiling 
of  the  tungsten  wire  15.  In  Figure  1(b)  the  cathode 
end  of  the  arc  tube  is  illustrated  as  including  niobium 
inlead  wire  11  supporting  cathode  30  which  is  similar 
in  construction  to  anode  14.  Niobium  metal  foil  32  is 
shown  wrapped  around  the  cathode  end  of  the  arc 
chamber  as  one  means  by  which  it  is  possible  to  in- 
crease  the  temperature  at  the  cathode  end  in  order 
to  assist  in  achieving  the  temperature  differential  of  at 
least  50°C  required  to  avoid  amalgam  condensation 
at  the  cathode  end  during  operation  of  the  lamp. 

Arc  tube  9  is  mounted  within  outer  envelope  2  by 
support  rod  19  which  extends  the  length  of  the  outer 
envelope  and  is  welded  at  one  end  to  lead-in  conduc- 

tor  6  at  the  stem  end  with  the  other  end  braced  by 
spring  clamp  20  engaging  dimple  21  in  the  dome  end 
of  the  outer  envelope  2.  Conductor  22  is  welded  to 
niobium  tube  13  and  support  rod  19  at  the  anode  end 

5  of  the  arc  tube.  At  the  cathode  end  of  the  arc  tube, 
axial  lead  wire  11  extends  through  an  insulating  bush- 
ing  23  which  is  supported  from  rod  19  by  means  of 
metal  strap  24.  The  aperture  through  the  bushing  al- 
lows  free  axial  movement  of  inlead  11  and  a  flexible 

10  conductor  25  makes  the  electrical  connection  from 
the  inlead  to  lead-in  conductor  5.  Differential  thermal 
expansion  is  accommodated  by  axial  movement  of  in- 
lead  11  through  bushing  23  and  by  flexing  of  curving 
conductor  25. 

15  Turning  now  to  Figure  2,  arc  chamber  assembly 
48  is  shown  as  comprising  hollow  ceramic  arc  tube  42 
enclosing  arc  chamber  cavity  44  within  having  anode 
and  cathode  end  closures  46  and  48,  respectively. 
Anode  and  cathode  end  plugs  50  and  52,  respective- 

20  ly,  are  also  made  of  ceramic  such  as  polycrystalline 
alumina  or  single  crystalline  (sapphire)  alumina  as  is 
known  to  those  skilled  in  the  art.  Anode  plug  50  in- 
cludes  a  pedestal  portion  54  extending  up  from  the  re- 
gion  of  commonality  with  the  wall  of  ceramic  tube  42 

25  and  defining  with  the  wall  an  annular  chamber  or 
compartment  56  for  holding  unvaporized  excess  so- 
dium-mercury  amalgam  shown  at  58.  The  anode  and 
cathode  inlead  assemblies  59  and  60  include  niobium 
inlead  wire  70  and  70'  to  which  anode  59  and  cathode 

30  60  are  attached  by  weld  knots  72  and  72'.  Both  the 
anode  59  and  cathode  60  comprise  a  tungsten  shank 
61  and  61'  having  two  layers  of  tungsten  wire  14 
coiled  around  it  to  retain  an  electron  emissive  material 
such  as  dibarium  calcium  tungstate  in  the  interstices 

35  between  turns  as  for  anode  14  in  Figure  1(c).  Niobium 
inlead  wire  is  upset  at  62  to  provide  a  shoulder  which 
serves  to  locate  the  anode  and  cathode  with  respect 
to  the  inner  surface  of  the  pedestal  and  plug,  respec- 
tively.  Across  wire  64  is  spot  welded  to  niobium  inlead 

40  wire  10  to  retain  it  in  place  and  prevent  it  from  falling 
out  during  sealing.  A  sealing  frit  or  glass  may  be  pro- 
vided  as  a  powder  surrounding  inlead  wire  10  where 
it  comes  out  of  each  plug  or,  preferably  in  the  form  of 
a  washer  of  pressed  powder  which  is  threaded  over 

45  the  projecting  portion  of  the  wire.  Upon  heating,  the 
frit  melts,  fills  the  aperture  as  illustrated  at  66  and 
forms  a  small  fillet  67  about  the  upset.  Cathode  end 
plug  52  is  hermetically  sealed  to  ceramic  tube  42  by 
means  of  a  suitable  frit  21  ,  whereas  anode  plug  66  is 

so  hermetically  sealed  to  ceramic  tube  42  by  assembling 
plug  50  and  tube  44  in  the  green  state  and  then  firing 
as  taught  in  U.S.  Patent  3,026,210  and  4,868,457.  An 
HPS  arc  chamber  assembly  of  this  type  suitable  for 
use  in  the  present  invention  is  disclosed  in  U.S. 

55  4,868,457  the  disclosures  of  which  are  incorporated 
herein  by  reference.  Niobium  metal  foil  32  is  wrapped 
around  the  cathode  end  of  arc  chamber  assembly  40 
in  order  to  raise  the  temperature  at  the  cathode  end 

3 



5 EP0  578  414  A1 6 

so  that  the  temperature  differential  between  the  cath- 
ode  end  and  the  anode  end  is  at  least  50°C  and  pre- 
ferably  at  least  60°C. 

The  total  pressure  in  the  arc  chamber  of  an  HPS 
lamp  is  constant  along  the  length  of  the  chamber  for 
both  an  AC  or  a  DC  operated  lamp.  However,  be- 
cause  there  are  unionized  vapors  such  as  mercury 
and  the  inert  starting  gas  present  in  the  arc  chamber 
in  addition  to  the  alkali  metal  vapor,  and  because  in 
DC  operation  the  cataphoretic  effect  pumps  or  drives 
ionized  alkali  metal  toward  the  cathode  end,  a  pres- 
sure  gradient  of  the  alkali  metal  is  established  along 
the  length  of  the  arc  chamber  between  the  anode  and 
cathode  end.  The  lowest  value  of  the  alkali  metal 
pressure  occurs  at  the  anode  end,  and  in  the  DC  lamp 
of  the  invention  it  is  determined  by  the  coldest  spot 
in  the  chamber  which  is  located  behind  the  tip  of  the 
anode  as  is  shown  in  Figures  1  and  2.  Any  amalgam 
present  in  excess  of  that  amount  vaporized  during 
lamp  operation  will  be  located  as  a  condensed  pool  or 
reservoir  at  the  coldest  spot  behind  the  tip  of  the 
anode.  In  a  lamp  of  the  construction  shown  in  Figure 
1,  the  coldest  spot  will  be  in  the  niobium  metal  tube 
19  projecting  behind  the  anode  and  external  of  the 
ceramic  tube  9.  In  a  lamp  of  the  construction  illustrat- 
ed  in  Figure  2,  the  amalgam  will  be  present  behind  the 
anode  59  in  the  cavity  formed  between  the  pedestal 
portion  of  the  end  54  of  the  anode  end  plug  and  the 
inner  wall  of  of  the  ceramic  arc  tube  42  and  is  shown 
as  a  pool  58.  By  DC  operated  is  meant  steady  DC, 
pulsed  DC  or  a  combination  of  steady  state  and 
pulsed  DC  operation.  In  the  latter  case,  a  combination 
of  steady  state  and  pulsed  DC,  DC  pulses  of  short 
duty  cycle  will  be  superimposed  on  a  steady  DC  cur- 
rent  in  order  to  achieve  a  higher  color  temperature 
without  substantially  increasing  the  overall  sodium 
pressure  or  the  temperature  of  the  ceramic  arc  dis- 
charge  tube.  Experiments  have  shown  that  cataphor- 
etic  pumping  is  generally  greater  for  steady  DC  than 
pulsed  DC  at  the  same  power  input.  The  cataphoretic 
pumping  or  separation  effect  also  increases  as  the 
mercury  pressure  and/or  pressure  of  the  inert  starting 
gas  normally  employed  in  such  lamps  increases.  In  a 
DC  operated  HPS  lamp  wherein  the  alkali  metal  is  so- 
dium  or  primarily  sodium,  having  less  than  20  wt.  % 
sodium  in  the  amalgam  of  mercury  and  sodium 
makes  it  difficult  to  avoid  color  separation  or  reloca- 
tion  of  the  amalgam,  and  it  also  results  in  low  lumi- 
nous  efficacy.  Although  there  is  no  upper  limit  for  the 
amount  of  sodium  in  the  sodium-mercury  amalgam 
present  in  a  DC  operated  HPS  lamp,  and  although  in- 
creasing  the  concentration  of  sodium  in  the  amalgam 
makes  it  easier  to  control  and  avoid  the  cataphoretic 
effect,  lamp  efficacy  falls  off  as  the  amount  of  sodium 
in  the  amalgam  exceeds  30  wt.  %.  Other  alkali  metals 
which  may  be  used  include  lithium  for  a  red-emitting 
lamp  and  cesium  for  an  infrared-emitting  lamp.  Other 
metals  may  be  added  such  as  the  ternary  amalgam 

as  described  in  U.S.  4,639,639  which  includes  in- 
dium,  gallium  or  tin.  This  reduces  the  warm-up  time 
and  reduces  the  temperature  dependence  of  the  op- 
erating  voltage,  but  exacerbates  the  cataphoretic  ef- 

5  feet.  Plate  6(b)  facing  page  225  in  "The  High-Pressure 
Sodium  Lamp"  by  deGroot  and  van  Vliet  (Philips 
Technical  Library,  1966)  is  a  photo  of  a  DC  operated 
HPS  lamp  containing  sodium  and  mercury  (and  pos- 
sibly  a  starting  gas)  which  illustrates  extreme  cata- 

10  phoretic  separation  between  the  sodium  and  the  mer- 
cury.  In  the  photograph  one-third  of  the  arc  discharge 
emits  an  orange  color  and  the  other  two-thirds  emits 
a  blue  color  with  a  line  of  separation  between  the  or- 
ange  and  blue  colors.  The  orange  emission  is  from  so- 

15  dium  atoms  and  the  blue  emission  is  from  mercury. 
The  starting  gas  does  not  participate  in  the  visible 
light  emission.  The  cataphoretic  action  of  the  DC  op- 
erated  HPS  arc  discharge  lamp  altered  the  vapor 
composition  along  the  length  of  the  arc  tube  to  pro- 

20  duce  a  sodium  rich  composition  at  the  cathode  end 
and  a  mercury  rich  composition  at  the  anode  end 
which  resulted  in  total  color  separation.  In  the  ex- 
treme  case  illustrated  by  the  book,  the  electrical  re- 
sistance  per  unit  length  of  the  blue  discharge  is  great- 

25  er  than  that  of  the  orange  discharge,  so  that  the  pow- 
er  per  unit  length  dissipated  within  the  mercury  rich 
portion  of  the  discharge  is  substantially  greater  than 
normal.  This  situation  results  in  overheating  and  fail- 
ure  of  the  arc  tube  and/or  seal  at  the  anode  end.  Fur- 

30  thermore,  the  blue  discharge  emits  only  about  half 
the  lumens  per  watt  of  the  normal  sodium  discharge. 
The  present  invention  overcomes  these  problems  by 
keeping  the  cathode  end  of  the  arc  chamber  at  least 
50°  and  preferably  at  least  60°C  higher  than  the 

35  anode  end  in  order  to  maintain  the  amalgam  location 
behind  the  tip  of  the  anode,  while  keeping  the  cath- 
ode  to  anode  alkali  metal  vapor  pressure  ratio  below 
5  during  operation  of  the  lamp  by  maintaining  a  CDP 
of  less  than  150.  The  temperature  differential  pre- 

40  vents  condensation  of  the  amalgam  at  the  cathode 
end  whereas  the  pressure  ratio  is  driven  by  the  CDP. 
It  has  been  determined  experimentally  that  the  ten- 
dency  for  cataphoretic  separation  increases  as  the 
arc  current  increases,  as  the  gap  increases  and  as 

45  the  bore  diameter  decreases.  As  set  forth  above,  in 
a  preferred  embodiment  the  cataphoretic  driving 
parameter  (CDP),  which  is  the  product  of  the  RMS  arc 
current  in  amperes  times  the  length  of  the  arc  gap  in 
centimeters,  divided  by  the  square  of  the  diameter  of 

so  the  arc  tube  bore  measured  in  centimeters  will  have 
a  value  less  than  150  and  preferably  less  than  130. 
The  temperature  of  the  cathode  end  of  the  arc  tube 
during  operation  of  the  lamp  can  be  increased  in  a 
number  of  ways,  perhaps  the  most  facile  of  which  are 

55  to  wrap  a  suitable  metal  foils  (such  as  niobium,  tanta- 
lum,  molybdenum,  platinum  and  the  like)  around  the 
cathode  end  of  the  arc  chamber  and,  if  necessary, 
shorten  the  length  of  the  cathode.  The  temperature 
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at  the  anode  end  of  the  arc  chamber  can  be  reduced 
by  lengthening  the  electrode  so  that  the  coldest  spot 
of  the  anode  end  of  the  chamber  is  further  away  from 
the  arc  discharge  (Figure  2)  and/or  by  employing  an 
external  reservoir  for  the  amalgam  such  as  the  nio-  5 
bium  tube  illustrated  in  Figure  1.  The  outside  surface 
of  the  niobium  tube  at  the  anode  end  may  be  rough- 
ened  to  dispel  heat  and  a  black,  heat-emissive  coat- 
ing,  such  as  graphite,  also  may  be  employed  on  both 
the  anode  end  of  the  outside  surface  of  the  arc  cham-  10 
ber  and  on  the  outer  surface  of  the  protruding  nio- 
bium  tube  which  contains  the  excess  sodium  amal- 
gam.  Employing  these  various  methods  can  produce 
a  temperature  differential  between  the  anode  and 
cat  hode  ends  such  t  hat  t  he  cat  hode  end  is  more  t  han  1  5 
100°C  hotter  than  the  anode  end. 

Figure  3  is  a  plot  of  normalized  efficacy  as  a  func- 
tion  of  relative  sodium  pressure  based  on  experimen- 
tal  data  forvarious  AC  operated  HPS  lamps  where  the 
lamp  power  was  held  constant  while  the  amalgam  20 
cold  spot  temperature  was  varied  with  an  indepen- 
dent  heater  circuit.  The  efficacy  data  were  collected 
as  a  function  of  E/Eo,  the  arc  electric  field  in  volts  per 
centimeter  of  arc  gap  length  relative  to  the  electric 
field  value  Eo  which  produced  the  optimum  lamp  ef-  25 
ficacy  at  the  lamp  power  employed.  The  arc  gap 
length  was  measured  as  the  distance  between  the 
tips  of  the  two  electrodes.  It  has  been  determined  that 
the  relative  arc  electric  field  E/Eo  is  approximately 
equal  to  the  two-thirds  (2/3)  power  of  the  relative  so-  30 
dium  pressure  P/Po  in  such  an  AC  arc  tube.  By  rela- 
tive  sodium  pressure  is  meant  the  actual  sodium  pres- 
sure,  P,  in  the  AC  operated  lamp  divided  by  the  opti- 
mum  sodium  pressure,  Po,  which  yielded  the  greatest 
efficacy  or  lumens  per  watt  output  of  the  lamp.  Figure  35 
3  illustrates  how  the  efficacy  drops  off  as  the  actual 
sodium  pressure  becomes  less  than  or  more  than  the 
optimum  sodium  pressure.  In  a  DC  operated  lamp  the 
sodium  partial  pressure  will  vary  from  the  cathode 
end  of  the  arc  tube  to  the  anode  end  of  the  arc  tube  40 
with  the  sodium  pressure  being  greatest  at  the  cath- 
ode  end  of  the  arc  tube.  The  total  pressure,  that  is,  the 
sum  of  the  sodium,  mercury,  and  starting  gas  pres- 
sures,  remains  constant  throughout  the  length  of  the 
arc  tube  irrespective  of  AC  operation  or  DC  operation.  45 
If  the  ratio  of  the  cathode  (Pc)  to  anode  (Pa)  sodium 
pressure  is  5,  for  example,  then  P/Po  might  be  0.5  at 
the  anode  end  and  2.5  at  the  cathode.  According  to 
Figure  3,  the  efficacy  at  the  ends  of  the  discharge  will 
be  about  85%  of  that  in  the  mid-portion  where  the  so-  50 
dium  pressure  is  more  nearly  optimum.  Thus  a  DC- 
operated  lamp  will  not  be  as  efficient  as  AC,  but  the 
relative  loss  in  efficiency  can  be  minimized  and  color 
separation  avoided  by  designing  the  lamp  to  keep 
Pc/Pa  less  than  5  by  maintaining  the  CDP  value  be-  55 
low  1  50  and  preferably  below  1  30  and  also  by  insuring 
that  the  cathode  end  is  at  least  50°C  and  preferably 
60°C  hotter  than  the  anode  end  in  order  to  prevent 

amalgam  condensation  at  the  cathode  end,  and  to 
promote  back-diffusion  of  the  concentrated  sodium 
vapor  toward  the  anode  end  which  has  been  depleted 
as  a  result  of  cataphoretic  pumping  toward  the  cath- 
ode  end. 

The  invention  will  be  further  understood  by  refer- 
ence  to  the  examples  below  which,  along  with  the 
foregoing,  are  intended  to  be  illustrative,  but  non-lim- 
iting  with  respect  to  the  practice  of  the  invention. 

EXAMPLES 

In  this  experiment  a  Lucalox®  polycrystalline  alu- 
mina  ceramic  HPS  arc  tube  having  a  5.5  mm  bore  was 
constructed  as  shown  in  Figure  1  with  an  outwardly 
protruding  niobium  tube.  The  arc  chamber  contained 
25  mg  of  25  wt.  %  sodium  -75  wt.  %  mercury  amalgam 
and  17  torr  of  xenon  as  a  starting  gas.  The  25  mg  of 
amalgam  was  in  excess  of  the  amount  required  to  op- 
erate  the  lamp.  The  arc  gap  was  92  mm.  This  arc  tube 
assembly  was  placed  in  an  evacuated  chamber.  The 
temperature  at  each  end  of  the  arc  tube  was  control- 
led  by  niobium  wire  wound  around  each  end  acting  as 
heaters  which  permitted  independent  adjustment  of 
the  temperature  at  each  end.  The  lamp  was  operated 
on  steady  DC  at  382  watts,  1  09  volts  and  3.5  amperes 
which  corresponds  to  an  electric  field  of  1  1  .3  volts/cm 
and  a  wall  loading  of  23  watts/cm2  when  end  losses 
are  accounted  for.  With  the  coldest  spot  at  the  anode 
end  measured  as  629°C,  it  was  found  that  sodium-en- 
riched  amalgam  would  start  to  condense  at  the  cath- 
ode  end  at  a  temperature  of  715°C.  Thus,  86°C  was 
found  to  be  the  minimum  temperature  differential  re- 
quired  to  avoid  amalgam  condensation  at  the  cath- 
ode  end  of  the  arc  tube.  The  CDP  value  of  IG/B2  was 
1  06.  Sodium  pressure  at  each  end  of  the  arc  tube  was 
determined  from  the  temperature  at  each  end  and  so- 
dium  vapor  pressure  curves.  The  cathode/anode  so- 
dium  pressure  ratio,  Pc/Pa  was  determined  to  be  4.5. 

In  another  experiment  an  HPS  lamp  was  made  as 
shown  in  Figure  1  with  the  same  type  of  arc  tube  hav- 
ing  the  same  bore  of  5.5  mm,  but  with  only  a  3.9  cm 
arc  gap.  As  with  the  lamp  described  above,  25  mg  of 
25  wt.  %  sodium  amalgam  was  used  to  insure  the 
presence  of  excess  amalgam  and  the  lamp  was  op- 
erated  on  steady  DC  at  148  watts,  53  volts  and  2.8 
amperes  to  yield  an  electric  field  of  12.3  volts/cm  and 
a  wall  loading  of  20  watts/cm2.  Niobium  foil  was  wrap- 
ped  around  the  cathode  end  which  resulted  in  a  cath- 
ode  temperature  of  856°C.  The  coldest  spot  at  the 
anode  end  was  measured  as  653°C  (at  end  of  nio- 
bium  tube  amalgam  reservoir  protruding  outside  of 
the  arc  tube).  Thus  the  cathode  end  was  203°C  hotter 
than  the  anode  end  during  lamp  operation  and  the 
possibility  of  amalgam  condensation  at  the  cathode 
end  was  thereby  eliminated.  The  cathode/anode  so- 
dium  pressure  ratio  was  2.0.  This  was  determined  us- 
ing  the  spectroscopic  method  employing  the  wave- 
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length  separation  AX  between  the  maxima  of  the  self- 
reversed  sodium  D-  lines  in  the  sodium  arc  discharge 
emission  spectrum  at  each  arc  tube  end.  This  method 
is  known  to  those  skilled  in  the  art  and  may  be  found, 
for  example,  in  section  3.2.1  "Sodium  Vapour  Pres- 
sure"  beginning  on  page  84  of  the  book  by  deGroot 
and  van  Vliet  referred  to  above.  The  CDP  value  for  the 
lamp  was  36. 

Figure  4  is  a  plot  of  the  relative  sodium  pressure 
ratio  Pc/Pa  as  a  function  of  the  cataphoretic  driving 
parameter,  CDP,  using  the  data  generated  in  these  ex- 
periments.  Another  known  data  point  has  X-  and  Y-  co- 
ordinates  of  0  and  1,  respectively,  which  corresponds 
to  the  case  of  an  AC  lamp,  where  there  is  no  net  cat- 
aphoretic  driving  force,  and  the  sodium  pressures  at 
the  cathode  and  anode  ends  are  equal.  The  three 
points  are  seen  to  fit  a  straight  line.  Figure  4  shows 
that  to  obtain  values  of  Pc/Pa  less  than  5  in  order  to 
maintain  high  lamp  efficacy  and  to  avoid  problems  as- 
sociated  with  color  separation  and  arc  tube  overheat- 
ing,  the  CDP  must  be  below  150. 

Claims 

1.  A  DC  operated  alkali  metal  vapor  arc  discharge 
lamp  comprising  an  elongated,  light-transmissive 
arc  chamber  containing  an  amalgam  of  alkali  met- 
al  and  mercury  and  a  starting  gas  and  having  an 
electrode  sealed  in  each  end  to  form  an  anode 
end  and  a  cathode  end,  with  the  temperature  at 
said  cathode  end  at  least  50°C  higher  than  the 
temperature  at  said  anode  end  and  a  cathode  to 
anode  alkali  metal  pressure  ratio  no  greater  than 
5  during  operation  of  said  lamp. 

2.  The  lamp  of  claim  1  wherein  said  mercury  amal- 
gam  contains  at  least  20  wt.  %  alkali  metal. 

3.  The  lamp  of  claim  2  having  excess  amalgam 
present  during  operation  of  said  lamp  located  be- 
hind  the  tip  of  said  anode. 

4.  The  lamp  of  claim  3  having  a  CDP  value  of  less 
than  150. 

5.  The  lamp  of  claim  4  wherein  said  cathode  end 
temperature  is  at  least  60°  higher  than  said 
anode  end  temperature  during  operation  of  said 
lamp. 

6.  The  lamp  of  claim  5  having  a  CDP  value  of  less 
than  130. 

7.  The  lamp  of  claim  6  having  a  ceramic  arc  tube. 

8.  The  lamp  of  claim  7  wherein  said  ceramic  com- 
prises  polycrystalline  alumina  or  sapphire. 

9.  The  lamp  of  any  one  of  claims  1  to  8  being  an  HPS 
metal  vapor  arc  discharge  lamp  and  wherein  said 
alkali  metal  is  sodium  having  a  sodium  content  of 
at  least  20  wt.  percent. 

5 
1  0.  The  lamp  of  claim  9  having  an  alumina  arc  cham- 

ber. 
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