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^9  Quartz  quadrupole  for  mass  filter. 

(53)  A  quartz  quadrupole  comprises  a  quartz  sub- 
strate,  conductive  strips  and  low-conductivity  strips. 
The  substrate  includes  hyperbolic  inner  surfaces 
which  provide  the  geometry  for  the  conformed  con- 
ductive  strips  to  produce  an  appropriate  electric  field 
for  mass  filter  operation.  The  use  of  quartz  as  a 
substrate  material  provides  the  thermal  and  electrical 
characteristics  required  by  high  performance  mass 
filtering  operations,  including  scanning  mode  opera- 
tion  to  800  amu  and  above.  During  such  operation, 

NJ  potential  field  distortions  by  accumulated  charge  in 
^  cusp  sections  of  the  substrate  are  minimized  by  the 
jq  low-conductivity  strips,  which  are  arranged  to  over- 
;f  lap  longitudinal  edges  of  the  conductive  strips.  For- 
^mation  of  the  quartz  substrate  is  made  possible  by 
50  high  precision  machining,  grinding  and  polishing  of  a 
O  refractory  metal  mandrel.  The  actual  step  of  forming 
*^the  substrate  is  simplified  by  the  low  thermal  coeff- 
icient  of  expansion  of  the  quartz.  The  conductive 

^  strips  are  applied  by  firing  metal-glass  frit  tape.  The 
jj  low-conductivity  strips  are  applied  by  firing  a  metal- 

oxide  slurry  including  a  bonding  agent. 
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QUARTZ  QUADRUPOLE  FOR  MASS  FILTER 

BACKGROUND  OF  THE  INVENTION 

The  present  invention  relates  to  mass  filters, 
including  quadrupole  mass  filters,  and,  more  par- 
ticularly,  to  an  electrode  assembly,  such  as  a 
quadrupole,  for  a  mass  filter. 

Mass  filters  are  tools  for  analyzing  the  chemi- 
cal  composition  of  matter,  for  example  by  using 
electric  fields  to  separate  ionized  particles  by  their 
mass-to-charge  ratios.  High  filtering  resolution  has 
been  achieved  using  quadrupole  mass  filters  that 
include  four  parallel  elongated  electrodes,  the  cross 
sections  of  which  approximate  hyperbolic  arcs  in 
respective  quadrants  about  a  common  origin.  Op- 
posing  pairs  of  electrodes  are  electrically  connect- 
ed. 

A  radio-frequency  power  amplifier  (RFPA)  is 
typically  employed  to  drive  both  pairs  of  elec- 
trodes.  One  pair  is  driven  with  a  selected  radio 
frequency  (RF)  signal  summed  with  a  positive  di- 
rect  current  (DC)  potential.  The  other  pair  of  elec- 
trodes  is  driven  by  an  RF  signal  180°  out  of  phase 
with  that  applied  to  the  first  pair,  and.  is  summed 
with  a  negative  DC. 

The  RF  field  dominates  the  motion  of  relatively 
light  ions,  ejecting  them  from  the  functional  center 
region  of  the  quadrupole  filter.  The  DC  field  domi- 
nates  the  relatively  heavy  ions,  which  are  gradually 
attracted  and  absorbed  by  one  of  the  electrodes  of 
opposite  conductivity.  Ions  of  an  appropriate  inter- 
mediate  weight  can  traverse  a  generally  longitudi- 
nal  trajectory  through  the  quadrupole  due  to  offset- 
ting  RF  and  DC  effects. 

Thus,  by  properly  setting  the  RF  and  DC  com- 
ponents  of  the  field  inside  the  quadrupole  arrange- 
ment,  any  mass  within  the  unit's  operating  range 
can  be  selected  for  detection  and  measurement. 
Thus  a  single  setting  can  be  used  in  a  single  ion 
measurement  (SIM)  mode.  By  contrast,  in  a  scan- 
ning  mode,  the  RF  and  DC  components  are  swept 
in  a  properly  coordinated  fashion  to  yield  the  frag- 
mentation  spectrum  of  molecular  species  in  a  sam- 
ple. 

The  theoretically  ideal  cross  section  for  the 
four  electrodes  of  a  quadrupole  mass  filter  is  four 
hyperbolic  curves  extending  in  their  respective 
quadrants  to  infinity.  Generally,  only  the  hyperbolic 
arcs  near  the  origin  are  approximated.  These  arcs 
are  typically  implemented  by  grinding  the  desired 
shapes  from  solid  metal,  e.g.  molybdenum  or  stain- 
less  steel,  rods.  The  desired  relative  arrangement 
of  the  four  ground  rods  is  then  maintained,  for 
example,  by  harnesses  of  ceramic  or  other  rigid, 
non-conductive  material. 

However,  there  are  several  disadvantages  to 
this  four  rod  implementation  of  a  quadrupole  filter, 
e.g.,  expense,  weight,  bulk,  and  vulnerability  to 
misalignment.  For  example,  grinding  identical  hy- 

5  perbolic  surfaces  on  four  several-inch  long  molyb- 
denum  rods  is  costly  both  in  terms  of  time  and 
materials.  Furthermore,  only  the  hyperbolic  surface 
is  electrically  useful.  The  bulk  of  the  rods  serves 
only  limited  functions  such  as  providing  rigidity.  If 

70  the  four  rods  in  ceramic  harnesses  are  jolted,  mis- 
alignment  can  easily  occur.  Furthermore,  this  mis- 
alignment  may  be  undetectable  by  an  unaided  eye, 
and  yet  unpredictably  distort  mass  readings. 

One  approach  to  ameliorating  some  of  these 
75  problems  has  been  to  encase  quadrupole  rods  in  a 

square  tubular  glass  frame.  The  individual  rods  are 
conformed  to  the  frame,  which  results  in  less  mass 
and  bulk.  The  glass  frame  also  serves  to  maintain 
rigidity  when  forces  are  applied.  However,  it  is  not 

20  clear  to  what  extent  the  minor  theoretical  advan- 
tages  of  this  approach  translate  into  practice.  Fur- 
thermore,  additional  improvements  in  weight,  size 
and  reliability  are  still  required.  Finally,  no  signifi- 
cant  cost  savings  is  apparent  in  this  approach. 

25  A  more  dramatic  alternative  being  considered 
is  the  use  of  glass  quadrupoles.  Such  a  quadrupole 
is  disclosed  in  U.S.  Patent  No.  3,328,146  to 
Hanlein.  The  structure  of  an  electrode  assembly  is 
provided  by  an  appropriately  shaped  glass  tube 

30  which  serves  as  a  substrate  for  the  quadrupole. 
The  desired  hyperbolic  shapes  of  the  electrodes 
can  be  achieved  by  conforming  thin  strips  of  metal 
to  hyperbolic  contours  on  the  inner  surface  of  a 
glass  tube. 

35  This  approach  provides  greatly  reduced  size 
and  weight  due  to  the  substitution  of  glass  and  thin 
strips  of  metal  for  the  rods  in  the  aforementioned 
approaches.  Cost  and  labor  is  greatly  reduced 
since  glass  can  be  economically  obtained,  and  can 

40  be  formed  by  vacuum  formation  over  a  mandrel. 
The  costs  and  time  involved  in  grinding  metal  rods 
is  reduced  to  that  required  to  form  a  reusable 
mandrel,  as  opposed  to  four  quadrupoles  per  mass 
filter. 

45  Glass  tends  to  be  less  susceptible  than 
quadrupole  metals  to  small  inelastic  deformation, 
so  that  valid  measurements  are  generally  obtain- 
able  except  when  the  structural  integrity  of  the 
glass  is  breached.  Damage  to  a  glass  quadrupole 

so  is  more  readily  detected  visually  than  damage  to  a 
metal  quadrupole.  Thus,  there  is  less  likelihood  of  a 
damaged  glass  quadrupole  being  operated  under 
the  impression  that  it  is  providing  valid  measure- 
ments. 

While  the  conception  of  a  glass  quadrupole 
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practice  has  taken  a  tortuous  path.  Whereas  the 
metal  quadrupole  mass  -filter  had  the  luxury  of 
extended  commercial  development,  the  glass 
quadrupole  is  required  to  compete  with  a  mature 
technology  at  the  outset.  The  years  of  user  feed- 
back  and  resulting  adjustments  and  tweakings  are 
necessarily  telescoped  in  the  development  of  a 
glass  quadrupole  mass  filter. 

The  glass  quadrupole  introduces  new  geome- 
tries  as  well  as  new  materials.  For  example,  while 
ooth  metal  and  glass  quadrupoles  are  to  approxi- 
mate  a  hyperbolic  cross  section  with  four  curves 
asymptotically  approaching  conceptual  x  and  y 
axes  towards  infinity,  the  approximations  diverge 
rom  one  another.  In  the  case  of  the  metal 
quadrupoles,  the  cross  section  comprises  four  iso- 
ated  closed  curves,  one  for  each  rod.  In  the  glass 
quadrupole,  the  fundamental  shape  comprises  trun- 
cated  hyperbolas  which  are  interconnected  rather 
han  isolated. 

The  ideal  hyperbolic  cross  section  is  deter- 
nined  to  provide  a  predetermined  ideal  electric 
ieid  in  a  cylindrical  region  about  an  axis  extending 
jrthogonally  through  an  origin  defining  the  hyper- 
)olas.  Both  the  metal  and  glass  quadrupole  ap- 
jroximations  differ  from  the  ideal  so  as  to  introduce 
'non-idealities"  in  this  region  which  are  not  easily 
;usceptible  to  complete  mathematical  characteriza- 
ion.  Through  years  of  development,  the  non- 
jealities  in  the  electric  field  introduced  by  the  non- 
deal  characteristics  of  metal  quadrupoles  have 
ieen  minimized  through  extensive  experimentation. 

It  is  necessary,  then,  to  identify,  accommodate, 
;nd/or  compensate  for  the  performance  affecting 
leculiarities  of  the  new  materials  and  geometries 
Produced  in  connection  with  glass  quadrupole 
nass  filters.  Thus,  it  is  a  primary  objective  of  the 
resent  invention  to  provide  a  mass  filter  which 
rovides  the  size,  bulk  and  reliability  advantages  of 
uch  a  filter,  without  sacrificing  the  performance  of 
lature  metal  quadrupole  mass  filters.  Concomi- 
intly,  it  is  an  objective  of  the  present  invention  to 
rovide  a  method  of  manufacturing  such  a  quartz 
uadrupole  filter. 

The  quest  for  the  present  invention  involved 
entification  of  performance-limiting  phenomena, 
:tual  and  potential,  pertaining  to  glass  quadrupole 
ass  filters.  Identified  phenomena  include  both 
sctrical  and  thermal  effects. 

Specifically,  it  was  discovered  that  perfor- 
ance  is  impaired  when  a  low  mass  selection  is 
t  after  a  high  mass  setting  in  some  versions  of 
ass  quadrupole  mass  filters.  Such  filters  can  re- 

quire  several  minutes  before  accurate  low  mass 
reading  are  possible.  This  is  considered  an  elec- 
trical  phenomenon,  it  being  conjectured  that  charge 
accumulation  induced  during  high  mass  settings 

5  interferes  or  masks  readings  at  low  mass  settings. 
This  charge  accumulation  is  less  problematic  in 

the  context  of  mass  filters  which  are  limited  to 
small  mass  ranges  or  to  a  single  ion  measurement 
(SIM)  mode.  However,  in  a  high  performance  mass 

ro  filter,  including  the  capability  to  operate  in  scanning 
mode  to  800  amu  and  above,  field  distortions  in- 
duced  by  such  charge  accumulation  must  be  pre- 
vented  or  its  effects  otherwise  minimized. 

Thermal  effects  include  impaired  measure- 
's  ments  due  to  geometric  distortions  in  an 

quadrupole  induced  by  thermal  expansion,  and 
degradation  of  a  glass  substrate  due  to  cumulative 
stresses  during  fabrication  and  operation  of  the 
quadrupole.  The  thermal  effects  can  be  related  to 

'0  electrical  effects  in  that  heat  is  generated  as  RF 
energy  is  lost  in  the  glass,  especially  at  high  mass 
settings.  Thus,  it  is  determined  that  a  glass 
quadrupole  designed  for  high  performance  mass 
filters,  e.g.  with  ranges  to  800  amu  and  above, 

5  must  cope  with  the  challenges  posed  by  these 
electrical  and  thermal  effects. 

In  accordance  with  the  present  invention,  an 
electrode  assembly  is  provided  with  a  quartz  sub- 
strate  with  conductive  strips  disposed  upon  elon- 

0  gated  concave  sections  of  the  substrate.  A  low- 
conductivity  material,  such  as  a  metal  oxide,  can 
be  applied  between  the  conductive  strips  to  mini- 
mize  field  distortions  due  to  charge  accumulation. 

Quartz  is  herein  defined  as  glass  with  at  least 
5  about  90%  silica.  Exemplary  quartzes  include 

fused  silica  and  titanium  silicate  of  93%  silica  and 
7%  titanium  oxide.  These  materials  are  character- 
ized  by  loss  factors  of  less  than  0.2%,  thermal 
expansion  of  less  than  10"6  cm/cm  °C,  and  thermal 

3  stress  resistance  of  greater  than  100°C.  This  com- 
bination  of  values  is  well-suited  for  high  perfor- 
mance  mass  filters  operating  to  800  amu  and 
above. 

Quartz  is  routinely  avoided  in  applications  re- 
1  quiring  ultra-high  precision  formation  of  a  complex 

shape.  This  avoidance  is  largely  due  to  the  dif- 
ficulty  of  working  the  refractory  materials  needed  to 
withstand  the  high  temperatures  required  to  form 
quartz.  In  less  demanding  applications,  quartz  has 

>  been  formed  using  molybenum  mandrels  which 
have  been  centerless  ground  to  high  precision. 
Tungsten  wire  is  typically  used  when  a  very  small 
center  bore  is  required. 

Tungsten  and  molybdenum  are  much  less 
workable  than  the  materials,  such  as  stainless  steel 
and  nickel,  available  for  forming  softer  glasses.  In 
addtion,  and  again  because  of  the  high  tempera- 
tures  required  for  quartz,  thermal  end  effects  are 
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nore  pronounced,  demanding  a  longer,  and  there- 
are  more  difficult  to  fabricate,  mandrel.  However, 
i  accordance  with  the  present  invention,  it  has 
>een  established  that  a  suitable  mandrel  of  refrac- 

ory  metal  can  be  machined,  ground  and  polished 
10  that  its  external  dimensions  precisely  match  the 
iesired  interior  dimensions  of  a  quartz  substrate, 
vith  due  allowance  given  to  thermal  expansion 
iffects  during  formation.  Thus,  a  quartz  tube  can 
>e  conformed  to  such  a  mandrel,  and  the  conduc- 
ive  and  low-conductivity  strips  applied. 

The  steps  of  forming  the  substrate,  forming  the 
:onductive  strips  and  forming  the  low-conductivity 
strips  can  be  applied  in  any  order.  In  an  exemplary 
nethod,  a  substrate  is  vacuum  conformed  to  a 
efractory  metal  mandrel.  Then,  a  silver  and  glass 
rit  tape  is  applied  to  the  elongated  concave  inner 
surfaces  of  the  substrate,  and  the  assembly  is  fired 
o  fuse  the  glass  in  the  tape  to  the  adjacent  sub- 
strate  surface.  A  metal-oxide  slurry,  preferably  in- 
cluding  a  bonding  agent,  is  applied  to  the  inner 
surface  sections  between  the  conductive  strips, 
Dreferably,  so  as  to  overlap  the  edges  of  the  con- 
ductive  strips.  The  assembly  is  fired  once  again  to 
Dond  and  solidify  the  low-conductivity  material. 

It  is  an  advantage  of  the  present  invention  that 
tie  favorable  thermal  characteristics  permit  greater 
:olerance  in  the  selection  and  application  of  the 
conductive  strips  and  accessory  materials.  High- 
iemperature  processes  which  could  damage  softer 
glasses  can  be  applied  without  danger  of  degrad- 
ing  the  substrate.  While  the  low  loss  factors  of 
quartzes  minimizes  the  heat  generated  in  opera- 
tion,  the  excellent  thermal  properties  ensure  that 
the  effects  of  any  generated  heat  are  minimized. 
Finally,  field  distortions  due  to  charge  accumula- 
tion,  a  result  in  part  of  the  extended  mass  range 
made  possible  by  the  present  invention,  can  be 
mitigated  using  the  low-conductivity  strips  in  the 
bridge  sections  between  conductive  strips. 

Accordingly,  a  quartz  quadrupole  and  method 
of  making  the  same  are  presented.  In  addition  to  its 
advantages  over  other  glass  quadrupoles,  the 
quartz  quadrupole  provides  for  the  performance  of 
metal  quadrupole  mass  filters  while  being  suscept- 
ible  to  reduced  manufacturing  costs.  Specifically, 
the  quartz  quadrupole  is  less  expensive  than  a 
conventional  molybdenum  quadrupole  due  to  lower 
material  costs  and  lower  added  labor  costs.  In 
addition,  the  resulting  filter  is  lighter,  smaller  and 
more  reliable  than  conventional  quadrupole  mass 
filters.  The  quartz  quadrupole  is  less  sensitive  to 
handling  and  in  this  respect  provides  more  predict- 
able  performance.  The  lowered  sensitivity  to  han- 
dling  allows  more  readily  replacement,  since  quartz 
quads  are  more  easily  shipped  and  less  suscept- 
ible  to  damage  during  shipment.  Also,  quartz 
quadrupoles  do  not  require  expensive  external  sup- 

port  such  as  ceramic  rings,  i-unner  Teaiurei.  <anu 
aspects  of  the  present  invention  are  apparent  from 
the  detailed  description  below  in  connection  with 
the  following  figures. 

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

1-luUHt  i  is  a  perspecuve  view  ui  c 
o  quadrupole  for  a  mass  filter  in  accordance  with  the 

present  invention. 
FIGURE  2  is  sectional  view  taken  along  line 

2-2  of  FIG.  1. 
FIGURE  3  is  a  perspective  view  of  a  mandrel 

5  used  in  a  method  of  manufacturing  a  quadrupole  in 
accordance  with  the  present  invention. 

DESCRIPTION  OF  THE  PREFERRED  EMBODI- 
10  MENTS 

In  accordance  with  the  present  invention,  a 
quadrupole  11  (electrode  assembly)  for  a  mass 
filter  includes  a  quartz  substrate  13,  four  conduc- 

es  tive  strips  15  and  four  low-conductivity  strips  17.  as 
shown  in  FIGS.  1  and  2.  The  quartz  substrate  13 
provides  the  basic  shape  and  structural  rigidity  to 
the  quadrupole  1  1  .  The  conductive  strips  1  5  serve 
as  the  four  electrodes  via  which  electric  fields  are 

30  applied  to  the  interior  of  quadrupole  11.  The  low- 
conductivity  strips  17  are  provided  to  minimize 
non-idealities  in  the  desired  electric  field,  induced, 
for  example,  by  deviations  from  the  ideal  hyper- 
bolic  geometry  at  the  inner  surface  of  the 

35  quadrupole. 
The  conductive  strips  15  are  disposed  along 

concave  hyperbolic  sections  19,  while  the  low- 
conductivity  strips  17  are  disposed  along  inter- 
mediate  cusps  21.  Preferably,  the  low-conductivity 

40  strips  17  overlap  adjacent  longitudinally  extending 
edges  23  of  the  conductive  strips  15. 

When  the  quadrupole  1  1  is  incorporated  into  a 
complete  quadrupole  mass  filter  system,  an  ion 
source  and  an  ion  detector  are  located  at  opposite 

45  openings  25  and  27  of  the  quartz  substrate  1  3.  The 
conductive  strips  15  can  be  connected  to  a  RFPA 
and  DC  supplies  in  opposing  pairs  to  form  the 
oscillating  electric  fields  which  perform  the  filtering 
action  on  ions  on  generally  axial  trajectories 

so  through  the  interior  of  the  quadrupole  1  1  . 
The  material  of  the  substrate  is  selected  to 

minimize  the  thermal  and  electrical  effects  that 
impair  performance,  especially  at  mass  settings  of 
800  amu  and  higher.  The  parameters  of  interest 

55  are  loss  factor,  volume  resistivity,  thermal  stress 
resistance,  and  thermal  coefficient  of  expansion. 

The  loss  factor  is  the  product  of  the  dielectric 
constant  and  the  power  factor  (tangent  of  loss 

4 
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angie)  tor  a  material,  i  he  dielectric  constant  deter- 
mines  electric  energy  storage  in  a  polarized  dielec- 
tric.  The  loss  tangent  is  the  percentage  of  energy 
irrecoverably  lost,  in  the  form  of  heat,  due  to  the 
motion  of  dipoles  in  an  RF  field.  Generally,  a 
higher  percentage  of  energy  is  lost  to  heat  as  the 
temperature  of  the  substrate  is  increased. 
Quadrupole  mass  filters  typically  operate  at  fre- 
quencies  of  800  kHz  to  4MHz.  Herein,  loss  factor 
values  are  given  at  1  MHz  and  20  °C. 

The  significance  of  the  loss  factor  in  the  con- 
text  of  the  mass  filter  relates  to  thermal  runaway  in 
the  substrate.  Thermal  runaway  occurs  when  the 
amount  of  heat  generated  within  the  quartz  ex- 
ceeds  the  heat  that  can  be  radiated  from  the  glass. 
The  resulting  increased  glass  temperature  lowers 
the  volume  resistivity  of  the  glass  and  increases 
the  loss  factor,  requiring  the  RFPA  to  generate 
more  power,  which  causes  even  greater  heat  gen- 
eration.  This  positive  feedback  cycle  characterizes 
thermal  runaway,  which  ultimately  requires  more 
power  than  can  be  supplied. 

The  risk  of  thermal  runaway  increases  at  higher 
mass  settings  which  require  higher  RF  voltages. 
Thus,  high  performance  mass  filters  require  sub- 
strates  with  low  loss  factors.  In  accordance  with  the 
present  invention,  a  substrate  material  is  selected 
to  have  a  loss  factor  less  than  0.2%,  and  preferably 
less  than  0.01%,  at  1  MHz  and  20°C. 

Volume  resistivity  is  a  measure  of  the  insulat- 
ing  quality  of  a  glass.  Volume  resistivity  largely 
governs  the  risk  of  dielectric  failure  at  elevated 
temperatures.  In  other  words,  a  glass  of  high  vol- 
ume  resistivity  is  less  likely  to  suffer  a  dielectric 
breakdown  and  unacceptably  load  the  RFPA.  Vol- 
ume  resistivity  is  specified  herein  in  units  of  logic  of 
volume  resistivity  in  ohm-cm.  A  volume  resistivity 
of  about  10  at  250  °C  is  appropriate  for  high  perfor- 
mance  applications. 

Thermal  stress  resistance  refers  to  capability  of 
a  glass  to  resist  damage  during  heating  and  cool- 
ing.  The  values  used  herein  refer  to  the  maximum 
temperature  to  which  a  plate  sample  can  be  heated 
and  then  plunged  into  water  at  10°C  without  break- 
ing. 

While  this  scenario  is  not  closely  replicated 
within  the  environment  of  a  mass  filter,  thermal 
stress  resistance  correlates  sufficiently  with  other 
thermal  variables  of  interest  such  as  strain  point, 
annealing  point,  softening  point  and  working  point, 
to  serve  as  a  general  indicator  of  endurance  under 
temperature-varying  conditions.  Generally,  thermal 
stress  resistance  correlates  with  the  hardness  or 
viscosity  of  a  glass.  Furthermore,  thermal  stress 
resistance  impacts  the  continued  integrity  of  the 
substrate  through  processing  steps  such  as  firings 
jsed  to  secure  the  conductive  and  low-conductivity 
strips.  For  the  performance  objectives  considered 

herein,  a  thermal  stress  resistance  of  at  least 
100°C,  and  preferably  at  least  200  °C,  is  called  for. 

The  thermal  coefficient  of  expansion  is  a  mea- 
sure  of  the  degree  to  which  a  material  expands 

5  when  heated.  If  the  coefficient  is  negative,  the 
material  contracts  when  heated.  This  parameter 
affects  substrate  formability  since  the  substrate 
must  be  conformed  at  elevated  temperatures  to  a 
mandrel  which  changes  dimensions  in  the  process. 

70  This  parameter  is  operationally  important  since  di- 
mensional  changes  impair  mass  axis  stability  and 
filter  resolution.  A  higher  expansion  coefficient  also 
means  that  a  quadrupole  which  changes  in  tem- 
perature  between  tunings  will  experience  more  of 

75  change  in  diameter  and  consequently  more  of  a 
mass  assignment  shift.  For  greatest  simplicity  and 
reliability  in  both  formation  and  operation,  the  ther- 
mal  coefficient  of  expansion  should  be  as  close  to 
zero  as  possible.  For  the  present  performance  ob- 

20  jectives,  the  thermal  coefficient  of  expansion  should 
be  less  than  1  x  10~6  cm/cm/°C. 

Having  determined  the  ranges  of  values  for 
loss  factor,  volume  resistivity,  thermal  stress  resis- 
tance  and  thermal  coefficient  of  expansion  required 

25  or  preferred  for  a  glass  quadrupole  to  meet  perfor- 
mance  objectives,  it  is  in  accordance  with  the 
present  invention  to  have  the  substrate  formed  of 
quartz,  herein  defined  as  glass  having  a  silica  con- 
tent  of  at  least  90%.  Three  exemplary  quartzes  are: 

30  a  quartz  with  96.5%  silica,  3%  borate  and  0.5% 
alumina;  fused  silica,  which  is  pure  silica  but  for 
trace  amounts  of  water  (99.9%  Si02,  0.1%  H20); 
and  ultra-low-expansion  titanium  silicate,  93%  sili- 
ca,  7%  Ti02. 

35  The  96.5%  silica  quartz  has  a  loss  factor  of 
0.15%,  a  volume  resistivity  of  9.7  (log™  ohm-cm),  a 
thermal  stress  resistance  of  220  °C,  and  a  thermal 
coefficient  of  expansion  of  7.5  x  10~7  between  0°C 
and  300  °C.  The  corresponding  values  for  fused 

w  silica  are  0.0038%,  11.8  (logw  ohm-cm),  286°C, 
and  5.5  x  10~7.  The  ultra-low-expansion  titanium 
silicate  has  the  following  corresponding  values: 
0.008%,  12.2  (logic  ohm-cm),  3370°C,  and  0.5  x 
10~7.  Thus,  all  three  of  these  quartzes  fall  within  the 

t5  high-performance  parameters  determined  by  the 
present  invention. 

The  conductive  strips  15  are  disposed  upon 
the  substrate  13  in  parallel.  Each  strip  has  parallel 
longitudinally  extending  edges  23.  Each  pair  of 

;o  adjacent  conductive  strips  defines  a  gap  which 
electrically  and  physically  separates  the  same  con- 
ductive  strips.  The  conductive  strips  are  thick 
enough  to  ensure  electrical  continuity.  The  thick- 
ness  of  the  conductive  strips  is  uniform  to  ensure 

;s  that  the  hyperbolic  shape  of  the  underlying  sub- 
strate  sections  is  matched  by  the  inner  surfaces  of 
the  conductive  strips.  The  illustrated  conductive 
strips  15  are  about  0.5  mil  thick. 
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The  conductive  strips  include  a  conductive  ma- 
terial  such  as  silver.  Other  constituents  of  the  strip 
can  include  bonding  agents.  In  the  present  embodi- 
ment,  the  conductive  strip  includes  glass,  some  of 
which  is  fused  to  the  underlying  quartz  of  the 
substrate. 

The  low-conductivity  strips  17  are  applied  to 
ameliorate  field  distortions  that  are  especially  prone 
to  occur  at  the  higher  mass  settings  available  in 
high  performance  mass  filters.  With  respect  to 
some  of  glass  quadrupole  mass  filters,  it  has  been 
found  that  performance  can  be  impaired  when  a 
low  mass  selection  is  set  after  a  high  mass  setting. 
An  uncharged  quad  would  perform  well  at  low 
mass.  However,  the  signal  at  low  mass  settings 
would  disappear  after  even  a  brief  high  mass  set- 
ting.  Complete  recovery  took  several  minutes. 

By  way  of  explanation,  and  not  of  limitation,  it 
is  believed  that  the  invalid  low  mass  readings  are 
the  result  of  charge  accumulation  at  the  cusps  21 
between  adjacent  pairs  of  conductive  strips  15.  The 
charge  accumulation  is  greatest  at  high  mass  set- 
tings  since  the  fields  are  strongest  at  such  settings. 
The  distortions  are  greatest  at  low  mass  settings, 
since  the  relative  strengths  of  the  selecting  fields  is 
less.  In  other  words,  the  distorting  fields  are  a 
greater  percentage  of  the  fields  used  for  mass 
selection  at  low  settings  than  the  fields  used  at 
high  mass  settings.  Thus,  particularly  at  low  mass 
settings,  the  accumulated  charge  acts  to  distort  the 
central  electric  field  and  inhibit  ion  passage. 

The  inclusion  of  the  low-conductivity  strips  17 
apparently  retards  the  formation  of  accumulating 
charge,  or  facilitates  dissipation  of  accumulated 
charge,  or  both.  The  exact  mechanisms  have  not 
as  yet  been  characterized.  However,  empirically, 
the  low-conductivity  strips  17  contribute  to  a  prac- 
tical  quadrupole  quartz  filter  by  enhancing  the  ide- 
ality  and  repeatability  of  the  electric  fields  within 
the  substrate  13. 

The  low-conductivity  strips  17  extend  between 
adjacent  conductive  strips  15.  In  the  illustrated  em- 
bodiment,  each  low-conductivity  strip  17  overlaps 
the  adjacent  longitudinal  edges  23  of  the  adjacent 
conductive  strips  15.  With  the  low-conductivity 
strips  incorporated  as  shown,  negligible  recovery 
time  is  required  for  valid  low  mass  settings  follow- 
ing  high  mass  settings. 

In  addition  to  minimizing  electrical  field  distor- 
tions  within  the  quadrupole,  the  low-conductivity 
strips  should  be  thermally  stable  over  the  expected 
operating  temperature  range  of  the  quadrupole. 
Further,  the  low-conductivity  strips  should  be  di- 
mensionally  compatible  with  the  thermal  expansion 
profile  of  the  substrate  over  the  operating  tempera- 
ture  range  of  the  quadrupole.  As  with  the  substrate, 
the  low-conductivity  strips  should  have  a  low  loss 
factor. 

Accordingly,  a  suitable  material  for  the  low- 
conductivity  strips  can  include  a  metal  oxide.  Zirco- 
nium  oxide  is  particularly  effective,  but  chromium 
oxide  is  an  alternative.  These  materials  can  be 

s  applied  as  described  below  by  firing  a  metal  oxide 
bearing  slurry.  The  low-conductivity  strips  can  also 
advantageously  include  a  bonding  agent  such  as 
potassium  silicate  to  secure  adherence  to  the  sub- 
strate. 

70  There  are  three  basic  steps  to  manufacturing  a 
quartz  quadrupole  such  as  that  described  above: 
forming  the  quartz  substrate,  applying  the  conduc- 
tive  strips,  and  applying  the  low-conductivity  strips. 
The  present  invention  provides  for  considerable 

75  variation  in  the  sequencing  and  detailing  of  these 
steps.  In  addition,  mandrel  formation  can  be  con- 
sidered  a  preliminary  step. 

In  order  to  economically  form  quartz  substrates 
of  the  desired  shape,  a  mandrel  that  can  maintain 

20  its  integrity  through  repeated  exposures  to  the  ele- 
vated  temperatures  used  to  form  quartzes  is  re- 
quired.  Mandrels  of  refractory  metal,  such  as  mo- 
lybdenum,  tungsten,  and  an  alloy  of  hafnium,  car- 
bon  and  molybdenum  (HCM)  can  be  used.  In  ac- 

25  cordance  with  the  present  invention,  it  has  been 
determined  that  such  materials  can  in  fact  be 
machined,  ground  and  polished  with  the  required 
precision  to  the  appropriate  shape  and  dimensions 
required  to  form  a  suitable  mandrel  31  ,  shown  in 

30  FIG.  3. 
The  mandrel  31  is  dimensioned  so  that  its 

external  dimensions  correspond  to  the  internal  di- 
mensions  of  the  substrate  at  formation  tempera- 
tures.  Since  the  metals  have  greater  thermal  coeffi- 

35  cients  of  expansion  than  quartzes,  the  mandrel 
must  be  relatively  smaller  than  the  interior  of  the 
desired  substrate  at  room  temperature. 

In  a  preferred  method,  after  the  mandrel  is 
formed  and  the  substrate  conformed,  the  conduc- 

40  tive  strips  are  formed  followed  by  the  low-con- 
ductivity  strips.  A  quartz  tube,  of  circular  cross 
section  and  appropriate  diameter  and  thickness,  is 
blown  closed  at  one  end.  An  accurately  machined, 
ground  and  polished  mandrel  is  inserted  axially  into 

45  the  tube.  The  second  end  of  the  quartz  tube  is 
connected  to  a  vacuum  pump.  The  quartz,  when 
sufficiently  heated,  is  pushed  by  atmospheric  pres- 
sure  tightly  onto  the  mandrel. 

Once  the  quartz  conforms  to  the  mandrel,  the 
so  quartz  and  mandrel  are  allowed  to  cool.  During  this 

phase,  the  mandrel  contracts  more  strongly  than 
the  substrate,  so  that,  the  mandrel  can  be  easily 
removed.  The  properly  formed  quartz  tube  can  be 
trimmed  to  a  desired  length.  8"  in  the  illustrated 

55  embodiment.  The  ends  can  be  ground  or  otherwise 
smoothed.  This  process  yields  the  substrate  13 
with  the  cross  section  illustrated  in  FIG.  2. 

With  the  substrate  13  so  formed,  strips  of 

6 



U  268  048 12 

aiivei-yid&a  mi  idpe  are  applied  to  eacn  of  the 
interior  hyperbolic  surface  sections  19.  The  tape 
can  then  be  fired  to  fuse  the  glass  in  the  tape  to 
the  adjacent  hyperbolic  surfaces  of  the  substrate. 
The  strips  of  tape  are  arranged  in  parallel,  with 
parallel  gaps  between  adjacent  edges  23  of  adja- 
cent  pairs  of  conductive  strips  15. 

The  conductive  strips  in  the  illustrated  embodi- 
ment  are  deposited  by  means  of  a  metallization 
tape.  The  tape  provides  for  accurate  positioning 
and  uniform  thickness  for  the  conductive  strip.  The 
metallization  tape  includes  four  layers,  a  cellophane 
or  other  carrier  layer,  a  silver  or  other  coating  layer, 
an  adhesive  layer  and  a  paper  protective  layer. 

In  order  to  apply  the  tape,  the  paper  layer  is 
removed  to  expose  the  adhesive.  The  tape  is  then 
positioned  with  respect  to  the  substrate.  The  tape 
is  then  smoothly  pressed  onto  the  substrate  to 
which  the  adhesive  sticks.  After  all  four  conductive 
strips  are  positioned,  the  cellophane  layers  are 
-emoved,  and  the  assembly  is  fired  at  a  tempera- 
:ure  sufficient  for  permanent  adhesion  of  the  tape. 

The  tape  can  be  applied  to  wrap  over  the  ends 
Df  the  substrate  to  facilitate  connections  to  RFPA 
contact  strips.  In  this  case,  additional  sets  of  con- 
ductive  strips  can  be  applied  to  the  exterior  of  the 
substrate  following  the  procedures  applied  to  the 
nterior  strips. 

The  conductive  strips  can  be  applied  in  a  vari- 
sty  of  alternative  ways.  For  example,  the  cusps  or 
nridge  sections  of  the  substrate  can  be  masked, 
ind  the  substrate  dipped  in  a  silvering  solution  so 
hat  the  unmasked  hyperbolic  sections  are 
"mirrored". 

The  next  step  in  the  preferred  method  is  to 
apply  low-conductivity  strips  along  tho  gaps  be- 
ween  the  conductive  strips.  The  low-conductive 
strips  can  be  formed  from  a  metal-oxide  slurry, 
)referably  containing  a  bonding  agent.  Accordingly, 
i  slurry  can  be  formed  by  mixing  zirconium  oxide 
vith  a  solution  of  potassium  silicate  in  water.  An 
ilternative  to  the  preferred  zirconium  slurry,  is  a 
:hromium  oxide  slurry  such  as  DAG,  sometimes 
ised  for  minimizing  charge  accumulations  in  cath- 
ide  ray  tubes. 

This  slurry  can  be  pumped  through  a  brush  or 
lattened  nozzle  which  is  concurrently  drawn  over 
he  length  of  the  gap  to  which  the  low-conductivity 
trip  is  to  be  applied.  Preferably,  the  slurry  is 
ipplied  so  as  to  overlap  the  adjacent  longitudinal 
idges  of  the  adjacent  conductive  strips  to  inhibit 
;harge  emissions  during  high  mass  settings  of  an 
icorporating  mass  filter.  The  slurry  is  allowed  to 
.ir  dry  and  then  is  fired  until  the  strip  is  solidified 
.nd  adhered  to  the  substrate. 

The  resulting  assembly  readily  lends  itself  to 
le  attachment  of  connecting  pads  for  the  radio 
'equency  power  amplifier.  The  same  conductive 

tape  used  to  form  the  electrodes  can  be  used  to 
create  conductive  paths  from  each  electrode  to 
points  on  the  outer  surfaces  of  the  tube.  Opposing 
electrodes  can  then  be  electrically  connected  by 

5  joining  corresponds  pads  with  additional  strips  of 
the  conductive  tape.  Preferably,  eachapplication  of 
conductive  is  fired  separately  to  ensure  proper 
bonding  of  each  layer  to  the  quartz  tube  and  un- 
derlying  conductive  layers. 

w  This  method  of  providing  connections  to  the 
RFPA  has  several  advantages  to  alternative  ap- 
proaches,  which  often  involves  penetrating  the  sub- 
strate  with  screws  or  bolts.  The  tape  is  generally 
less  expensive,  and  readily  available  since  it  is 

75  already  used  on  the  interior.  Thus,  component 
stockpiling  is  simplified.  The  RFPA  connections  are 
clearly  out  of  the  way  of  the  electric  field,  being 
shielded  by  the  inner  conductive  strips.  Yet,  these 
connecting  strips  add  very  little  bulk  and  weight  to 

20  the  assembly.  Finally,  the  tape  is  much  less  likely 
than  screws  or  other  alternatives  to  damage  the 
substrate  during  application.  While  this  method  of 
providing  connections  could  be  extended  to  alter- 
native  quadrupoles,  an  advantage  of  the  present 

25  invention  is  that  it  provides  for  these  connections 
using  materials  already  involved  in  making  the 
quadrupole  itself. 

Another  advantage  of  the  present  invention  is 
that  the  high  transformation  temperatures  of  quart- 

io  zes  ensure  that  the  substrate  maintains  its  exact 
shape  during  processes  of  firing  the  slurry  and  the 
inner  and  outer  strips  of  tape.  These  firings  can 
occur  at  temperatures  far  below  the  transformation 
temperatures  of  the  preferred  quartzes.  Alternative- 

is  ly,  the  quartz  substrates  can  comfortably  tolerate  a 
wide  range  of  processing  steps  involving  elevated 
temperatures. 

In  addition  to  the  sequence  detailed  above,  the 
invention  provides  for  many  alternatives.  It  is  quite 

@o  feasible  to  apply  the  low-conductivity  strips  prior  to 
the  conductive  strips.  It  is  further  provided  that  the 
conductive  strips  and  low-conductivity  strips  be 
applied  concurrently,  or  in  alternation  with  co-firing. 

In  another  method  provided  by  the  present 
5  invention,  the  strips  of  conductive  material  and  low- 

conductivity  material  are  applied  during  the  con- 
forming  of  the  quartz  tube  to  the  mandrel.  This  can 
be  accomplished  by  applying  appropriate  materials 
and  carriers  on  the  mandrel  itself  so  that  upon 

o  conformance  of  the  quartz  to  the  mandrel  or  upon 
cooling,  the  materials  adhere  to  the  quartz  rather 
than  the  mandrel.  This  approach  can  be  used  with 
both  or  either  of  the  conductive  and  low-conductiv- 
ity  materials.  In  the  case  one  material  is  applied 

5  during  substrate  formation,  the  other  can  be  ap- 
plied  later. 

Another  alternative  is  to  apply  one  or  both  of 
the  conductive  and  low-conductivity  materials  prior 
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to  shaping  of  the  substrate.  For  example,  conduc- 
tive  strips  can  be  applied  to  the  quartz  substrate 
while  in  cylindrical  form  prior  to  conformance  to  the 
mandrel.  This  has  the  advantage  that  the  surfaces 
of  the  electrodes  are  conformed  to  the  hyperbolic 
mandrel  directly,  rather  than  indirectly. 

Thus,  in  accordance  with  the  foregoing,  an 
improved  quadrupole  combining  the  advantages  of 
other  glass  and  metal  quadrupoles  is  presented. 
This  quartz  quadrupole  can  be  fabricated,  as  de- 
tailed  above,  to  create  a  high  performance  mass 
filter,  capable  of  scanning  masses  to  800  amu  and 
above.  As  is  apparent  to  those  skilled  in  the  art, 
many  variations  and  modification  of  the  embodi- 
ments  presented  are  suggested.  Accordingly,  the 
scope  of  the  present  invention  is  limited  only  by 
the  following  claims. 

Claims 

1  .  A  quadrupole  mass  filter  electrode  assembly 
(1  1  )  characterized  by: 

a  tube  (13)  having  four  elongated  concave 
sections  (19)  with  inner  surfaces  having  generally 
hyperbolic  cross  sections,  said  concave  sections 
being  arranged  in  parallel  opposing  pairs,  and 
bridge  sections  (21)  with  bridging  inner  surfaces 
connecting  adjacent  pairs  of  concave  sections; 

parallel  conductive  strips  (15),  each  disposed 
longitudinally  upon  a  respective  one  of  said  hyper- 
bolic  inner  surfaces;  and 

low  conductivity  strips  (17),  each  disposed 
upon  a  respective  one  of  said  bridging  inner  sur- 
faces. 

2.  The  assembly  of  claim  1  characterized  in 
that  said  tube  has  a  loss  factor  less  than  0.2%, 
thermal  expansion  between  0°C  and  300  °C  less 
than  10"s  cm/cm/°C,  and  a  stress  resistance  of  at 
least  100°C. 

3.  The  assembly  of  any  of  the  preceding 
claims  characterized  in  that  said  tube  (13)  is  a 
quartz  tube  consisting  of  at  least  90%  silica  or 
substantially  consisting  of  titanium  silicate. 

4.  The  assembly  of  any  of  the  preceding 
claims  characterized  in  that  said  low  conductivity 
strips  (17)  include  a  metal  oxide,  and  preferably 
includes  a  bonding  agent  for  adhering  said  metal 
oxide  to  said  bridging  inner  surfaces. 

5.  The  assembly  of  any  of  the  preceding 
claims  characterized  in  that  said  conductive  strips 
(15)  include  a  metal  and  glass  mixture  with  some 
of  said  glass  being  fused  with  said  hyperbolic  inner 
surfaces. 

6.  A  method  of  manufacturing  an  electrode 
assembly  for  a  mass  filter,  said  method  character- 
ized  by: 

forming  an  elongated  quartz  tube  (13)  having 

plural  concave  longitudinal  sections  (19),  adjacent 
pairs  of  which  are  connected  by  bridging  sections 
(21); 

forming  conducting  strips  (15)  upon  the  inner 
5  surface  of  said  tube,  locating  each  conductive  strip 

against  a  respective  one  of  said  concave  sections 
so  that  each  of  said  conductive  strips  is  spaced 
from  adjacent  conductive  strips  by  bridging  sec- 
tions;  and 

70  forming  low-conductivity  strips  (17)  upon  the 
inner  surface  of  said  tube,  locating  each  of  said 
low-conductivity  strips  adjacent  a  respective  one  of 
said  bridging  sections. 

7.  The  method  of  claim  6  characterized  in  that 
75  said  step  of  forming  said  tube  (13)  includes  the 

steps  of  forming  a  mandrel  (31)  of  refractory  ma- 
terial,  inserting  said  mandrel  into  said  tube,  heating 
said  tube  and  said  mandrel  and  applying  a  vacuum 
therebetween  so  that  said  tube  conforms  to  said 

20  mandrel  in  cross  section  over  at  least  a  portion  of 
said  tube,  cooling  said  mandrel,  and  removing  said 
mandrel  from  said  tube. 

8.  The  method  of  any  of  claims  6-7  character- 
ized  in  that  said  step  of  forming  conductive  strips 

25  (15)  includes  the  step  of  applying  a  metal-bearing 
strips  of  tape  to  said  concave  longitudinal  sections 
(1  9)  of  said  tube. 

9.  The  method  of  claim  8  characterized  in  that 
said  tape  is  bonded  to  said  concave  longitudinal 

30  sections  (19)  by  heating,  said  tape  including  a 
mixture  of  metal  and  glass,  said  heating  causing 
some  of  said  glass  to  fuse  to  said  concave  longitu- 
dinal  sections. 

10.  The  method  of  any  of  claims  6-9  character- 
35  ized  in  that  said  step  of  forming  low-conductivity 

strips  (17)  includes  the  steps  "of  spreading  a  slurry, 
which  preferably  includes  a  metal-oxide  and  a 
bonding  agent,  on  the  inner  surface  of  said  tube 
along  each  of  said  bridging  sections  (21)  and  heat- 

40  ing  said  slurry  until  it  solidifies  and  bonds  to  the 
inner  surface  of  said  tube. 
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