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A compact quadrupole ion f i l t e r  was conceived and constructed 

fo r  op t  imum performance a t  the mass four  region o f  the mass spectra.  I t 

was pr imare ly  designed f o r  geological  app l i ca t i ons  i n  the  measurements 

o f  hel ium o f  soi l-gases. The whole ion  f i l t e r  s t ruc tu re  i s  15 cm long 

by 3.5 cm diameter, inc lud ing ion  source and c o l l e c t i n g  p la te .  The sen- 

s i t i v i t y  t o  hel  ium i s  o f  the order o f  1 0 - ~  ~ . t o r r "  measured a t  a t p t a l  

pressure o f  6x10-= t o r r  and reso lu t i on  6. The system can be easi lyadap- 

ted t o  work as a dynamic res idua l  gas analyser f o r  o ther  purposes. 

Um f i 1 t r o  de íons quadrupolar f o i  projetado e const ru ido  para 

desempenho cjtimo na reg ião de massa quatro do espectro de massas. Esse 

instrumento f o i  in ic ia lmente  planejado para aplicações geológicas na me- 

d ida do conteúdo de h61 i o  da fase gasosa dos solos.  A es t ru tu ra  básica 

do f i l t r o  mede 1 5  cm de comprimento por 3.5 cm de diâmetro, inc lu indo a 

fon te  dos íons e a placa co le tora .  A sens ib i l idade para o h é l i o  é da 

ordem de 10-'2 A .  t o r r - ' ,  medida a uma pressão t o t a l  de 6 x 1 0 - ~  t o r r  e re-  

solução 6. O instrumento pode ser fac i lmente  adaptado para operar como 

anal isador dinâmico de gases res idua is  em out ras  ap l  icações. 



1. INTRODUCTION 

A quadrupole mass spectrometer (QMs) i s  a dynamic mass analy- 

ser used p a r t i c u l a r l y  i n  res idua l  gas analyses. I n  such analysers, the 

ion  separat ion i s  based on the  t ime dependence o f  one o f  the system's 

parameters. There are  th ree types o f  mass analysers t ha t  u t i l i z e  e lec-  

trodynamic quadrupolar f i e l ds :  the quadrupole mass f i 1 ter1,  the mono- 

pole2,  and the ion t rap 3.  The f i r s t  one i s  described i n  t h e  present 

work. 

The main advantage o f  the quadrupole mass spectrometer i n  e i -  

ther o f  i t s  th ree vers ions i s  the  high s e n s i t i v i t y  o f f e red  i n  a compact 

l ightweight  instrument. VonZahn and ~ r o s s ~ ,  f o r  example, described the 

u t i l i z a t i o n  o f  QMS i n  bal loons and l i g h t  rockets f o r  ionospheric measu- 

rements .and 9rubaker5 has u t i l  ized a minute QMS ins ide  the  helmet of as- 

t ronauts f o r  breath analyses. 

The primary porpouse f o r  t he  development on the present qua- 

drupole mass f i l t e r  i s  t o  measure the hel ium content  o f  so i l - gas f o r  

geological  purposes and uranium p rospec t i on6 '7 ' 8 .  However, the sane ins-  

trument can be easely adapted t o  be u t i l i z e d  i n  the h igh  vacuum tech- 

nology t o  s e l e c t i v e l y  measure res idua l  gases, simply by modi fy ing the 

associated e lec t ron i cs .  

2. THEORETICAL CONSIDERATIONS 

The schematic o f  the quadrupole mass f i l t e r  i s  shown i n  F igure  

1 .  I t  i d e a l l y  cons is ts  o f  a set  o f  two p a r a l l e l  p a i r s  o f  h y p e r b o l  i c  

e l e c t r o d ~ s  subjected t o  a symmetrical radiofrequency vol tage,  such t h a t  

: a  eact .a; two opposi te e lectrodes the vo l t age  i s  always o f  the  same 

rnagnilude and phase Superimposed i s  a d i r e c t  cu r ren t  b ias app l ied  t o  

each opposi te p a i r  o f  e lectrodes.  The r e s u l t i n g  e l e c t r i c a l  p o t e n t i a l  has 

the form: 

V - Vac cos iTft - + vdc (1 1 

where f i s  the frequency o f  the  a1 te rna te  f i e l d  (sec- l ) ,  t i s  the ,time 

isac), Vac and Vdc are  the app l ied  e l e c t r i c a l  p o t e n t i a l s  ( v o l t ) .  
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. . ,. i - Schematic of the quadrupole mass filter. 

The ions formed i n  an e lec t ron  impact ion source a re  focused 

on t o  the a x i s  o f  the e lec t rode assernblage where they a r e  subjected t o  

the se lec t i ve  a l t e r n a t i n g  hyperbo l ic  e l e c t r i c a l  f i e l d .  Only those ions 

w i t h  a  g iven charge t o  mass r a t i o  w i l l  have a  s tab le  path along thequa- 

drupole a x i s  and reach the ion  c o l l e c t o r  where they can be counted. A11 

o thers  ions w i l l  be co l l ec ted  by the electrodes and case and n e u t r a l i -  

zed . 
The t ransversal  motions o f  the ions i n  a  hyperbo l ic  f i e l d  ge- 

nerated by a quadrupole having hyperbol ic  e lectrodes a re  t h e o r e t i c a l l y  

described i r 1  d e t a i l  by Paul e t  aZ.'. The bounded so lu t i ons  f o r  t he  Ma- 

t h i e u ' s  equations described i n  the above reference were revised by Ar-  

n o l d l O ,  ~ e n i s o n " ,  and Aust in  e t  a~.' and presented i n  a  more workable 

form i n  order t o  ob ta in  simple d i r e c t  r e l a t i o n s  between the  reso lu t i on  

m/&, the frequency f (sec"), the  e l e c t r i c a l  po ten t i a l  V and % (vol t ) ,  ac 
the e l e c t r i c  d i v i n g  power P (wat t ) ,  and the e lec t rode clearence r (me- 

O 

t e r )  f o r  a11 ions having the same charges t o  mass r a t i o :  



where ni i s  the ion  mass (amu), L i s  the lenght o f  the e lec t rode assem- 

blage (meter), Vz  i s  the ion p o t e n t i a l  ( v o l t ) ,  and C, Q are  the  ne t  ca- 

paci tance ( p ~  ) and c i r c u i  t qual i t y  f ac to r ,  r espec t i ve l y .  

The above equations a re  o n l y  v a l i d  f o r  p e r f e c t l y  hyperbo l ic  

e lec t rode rods. However, the  h i g h l y  soph is t ica ted machinery necessary 

to const ruc t  and ad jus t  hyperbol i c  e lectrodes leads most quadrupolemass 

f i l t e r s  t o  use c i r c u l a r  e lectrodes instead. C i r cu la r  e lectrodes have 

the idea l  hyperbo l ic  e l e c t r i c a l  f i e l d  o n l y  near the a x i s  o f  the rod as- 

semblage. ~ e n i s o n "  t h e o r e t i c a l l y  shows t h a t  a c i r c u l a r  e lec t rode c lea-  

rance r, = 1.1468 r, where r i s  the rad ius  o f  the c i r c u l a r  e lectrode,  

have the best  poss ib le  approximation t o  the  hyperbo l ic  e lec t rode assem- 

blage. The importance o f  the proper choice o f  r, i s  more pronounced i n  

the power requirements needed t o  d r i v e  the  mass f i l t e r ,  s i n c e r , i s  r a i -  

sed t o  the  f o u r t h  power i n  equat ion (5) .  

Table 1 shows the  e l e c t r i c a l  parameters f o r  the present vers ion  

o f  the quadrupoie ion  f i l t e r  i n  i t s  e n t i r e  mass range, ca lcu la ted from 

the above formulas. Although VZ can be as low as a f r a c t i o n  o f  v o l t  f o r  

the  hydrogen rarige o f  mass, there  i s  a c t u a l l y  a lower experimental l i- 

m i t  f o r  the  ion  energy i n  order  t o  a l l o w  ions be e f f i c i e n t l y  i n j ec ted  

and t ransmited i n  the  hyperbo l ic  f i e l d  (some 3 v o l t  f o r  thepresent ins-  

trument). This i s  due t o  the e f f e c t  o f  f r i n g e  e l e c t r i c a l  f i e l d s  a t  the 

ends o f  t he  quadrupole electrodes,  which g r e a t l y  d iverges f romthe idea l  

hyperbo l ic  e l e c t r i c a l  f i e l d .  The shor ter  the t ime an ion  s p e n d s i n t h i s  

region ( t he  r i g h e r  VZ), the  l ess  i t  deviates from the a x i s  o f  t he  elec-  

t rode assemblage, and the b e t t e r  i s  the ion transmiss ion (see, f o r  exam- 

p le ,  ~ r u b a k e r ' ~  f o r  ingenious so luc t i on  f o r  t h i s  problem). 
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3. DESCRIPTION OF THE INSTRUMENT 

The mass f i l t e r  desc r ibed  here  was p r i m a r e l y  d e s i g n e d  t o  be 

smal l  and l i g h t w e i g h t  f o r  easy f i e l d  t r a n s p o r t a t i o n  i n  g e o l o g i c a l  a p p l i -  

c a t i o n s .  Furthermore, i t  was designed t o  have maximum p e r f o r m a n c e  i n  

t h e  mass-4 r e g i o n  i n  o r d e r  t o  measure n a t u r a l  he l ium always p resen t  i n  

v a r i a b l e  c o n c e n t r a t i o n s  i n  t h e  so i l -gas .  For  t h i s  reason, t h i s  i n s t r u -  

ment has a  l i m i t e d  mass range i n  o r d e r  t o  save some we igh t  and power r e -  

qu i rements i n  t h e  p e r i p h e r i c a l  e l e c t r o n i c s .  

The complete mass f i l t e r  i s  15 cm long  and 5.5 cm d iameter  (P ic-  

t u r e  1) and f i t s  i n s i d e  a  s tandard s t a i n l e s s  s t e e l  vacuum case(*) w i t h  

a  rough vacuum v a l v e  and an 8 l / s e c  vacuum pump a t t a c h e d  t o  one end. An 

e l e c t r i c a l  feedthrough p rov ides  b o t h  t h e  mechanical suppor t  t o  t h e  mass 

f i l t e r  as w e l l  as t h e  e l e c t r i c a l  connec t ions  between t h e  vacuum s i d e  o f  

t h e  ins t rument  and t h e  ex te rna1  e l e c t r o n i c s .  The c i r c u l a r  e l e c t r o d e  as-  

sembly i s  made o u t  o f  non-magnetic s t a i n l e s s  s t e e l  rods and i s  mounted 

on a  s e t  o f  two g lass-ceramic(** )  i n s u l a t o r s .  The assemblage i s  shown 

i n  P i c t u r e  2 .  

The i o n  source i s  a  g r i d - t y p e  low gas d e s o r p t i o n  ( ~ o f m a n ' ~ )  , 
u s i n g  a  c i r c u l a r  0.001" t h i c k  tungs ten  f i l a m e n t  ( ~ i c t u r e  3 ) .  An i o n  f o -  

c u s i n g  s e t  of t h r e e  c y l i n d r i c a l  lenses f o l l o w s  t h e  ions source. F i g u r e  

* Var ian ,  n i p p l e  952-5048, f lange 952-5001, feedthrough 954-5014. 

** MACOR, Corning Glass works. 



2 schemat ical ly  i l l u s t r a t e s  the ion source and focusing se t .  Lenses L,, 

L, i n  con juc t ion  w i t h  lens L2 form an accelerate-descelerate arrange- 

ment t ha t  provides a  net  focusing e f f e c t  t o  the p o s i t i v e  ion  beam. The 

net  ion energy i s  e s s e n t i a l l y  no t  a f f ec ted  by the  focusing lenses as- 

sembly and i s  g iven by the po ten t i a l  d i f f e rence  between source 7 and 

the ion c o l l e c t i n g  p l a t  a t  ground po ten t i a l  (not shown i n  the scheme). 



F lg .  2 - Schematic o f  t he  i on  source and i on  focus ing set  1) screen; 2) 

e l e c t r o n  repe l  l e r ;  3) f l lament ;  4 )  f l lament  power supply (up to 1200 mA); 

5 )  e l e c t r o n  v o l  tage power supply (-20 t o  -100 V); 6 )  ion lenses power 

supply (+20 t o  -120 V ) ;  7) i on  energy (+5 t o  +20 V) .  

The ions are  c o l l e c t e d  by a s i n g l e  shie lded p l a t e  (Pictures 4 

and 5 ) ,  a f t e r  passing through the ion  f i l t e r .  I n  order  t o  minimize n o i -  

se capture, the  connection o f  the  ion  p l a t e  w i t h  the  externa1 e lec t ro -  

meter a m p l i f i e r  i s  kept as shor t  and s t i f f  as possib le.  The s o l i d  s t a t e  

ampl i f  i e r ( * )  i s  arsemblad i ns ide  a sol  i d  cas t  aluminium box d i r e c t l  y 

attached t o  the quadrupole case ( ~ i c t u r e  6 ) .  This aluminium box a l so  

provides a l l  e l e c t r i c  o u t l e t s  f o r  the ion  f i l t e r .  

Exact dimensions and engineer ing d e t a i l s  o f  the quadrupole ion 

f i l t e r ,  ion  source, an.d c o l l e c t o r  a re  given i n  Appendix 1 .  

4. OPERATING CHARACTERISTICS 

The neutra1 atoms a re  introduced i n  the source a t  pressures l o -  

wer than 10-' t o r r  ( t y p i c a l  pressure i s  1 0 - ~  t o r r )  . lons a re  generated 

by the impact o f  e lec t rons  produced i n  a hot  tungsten f i lament  ins ide  

* Analog Devices, model 310J. 
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the ion  source. Optimum f i l amen t  cu r ren t  f o r  the present instrument i s  

w i t h i n  900 t o  100 mA. Larger cur rents  w i l l  increase the i on i za t i on  r a t e  

but  wi11 a l s o  cause overheat ing o f  the case and decrease the l i f e t i m e o f  

the  f i lament .  The f i lament  temperature i s  cu r ren t  regulated such t h a t  

the emission cu r ren t  i s  always constant  t o  a pre- set  value, by us ing  

an e r r o r  a m p l i f i e r  t h a t  feeds-back the f i l amen t  source c i r c u i t .  Typical  

e lec t ron  energies f o r  the present instrument a r e  between 20 t o  100 elec-  

t r o n - v o l t  and a re  choosen i n  order  t o  opt imize  the  product ion of a g i v e n  

ion wh i l e  keeping molecular f r a c t i o n a t i o n  t o  a minimum ( l o w e r  n o i  s e ) .  

For the case o f  the helium-4, t h i s  energy was found t o  beabout 80e lec -  

tron-v01 t .  

The p o s i t i v e  ions a re  ex t rac ted from the ion  source by a gen t l e  

e l e c t r i c a l  p o t e n t i a l  o f  approximately -50 v o l t  app l ied  t o  lens L I ,  mea- 

sured w i t h  respect t o  the ion  p o t e n t i a l  reference (see F igure  2, source 

7 ) .  Lens L, i s  a t  the same p o t e n t i a l  as L, and the  p o t e n t i a l  a t  L ,  i s  

choosen such tha t  there  i s  a ne t  accelerate-descelerate e f f e c t  t o  the  

ion beam. The accelerate-descelerate arrangement o f  lenses was p re fe r -  

red t o  the  desce1 erate-accel e ra te  arrangement because i t keeps .the i on  

beam c loser  t o  the  ax i s  where per turbat ions  due t o  mechanical imperfec- 

t i ons  a re  f a i r l y  unimportant (see, f o r  example, sep t i e r14 ) .  The optimum 

transmission o f  ions i n  the lower mass range ( 4  amu) was found when po- 

t e n t i a l  a t  L, was about -100 v o l t s .  

The i on  energy was adjusted i n  a semi-empirical way, p a r t i a l l y  

based on the theo re t i ca l  yesu l ts  o f  Table 1 f o r  V z  and a l s o  by monito- 

r i n g  the output  o f  the system f o r  maximum ion t ransmission a t  mass four. 

Results thus obtained for' VZ was observed t o  be s l i g h t l y  h igher than 

theo re t i ca l  l y  p red ic ted values (about 3 v o l t  h i ghe r ) .  

A c r y s t a l  con t ro l l ed  rad io  frequency power supply opera t ing  a t  

3.2768 MHz w i t h  a Vac maximum of 50 v o l t  furnished the  necessary d r i -  

v i ng  power t o  the  quadrupole electrodes.  The output  transformer o f  the  

rad io  frequency supply i s  center  taped t o  ground f o r  a symmetrical ou t -  

put .  The necessary symrnetrical D . C .  b ias  i s  obtained by p rope r l y  r e c t i -  

f y i n g  and f i l t e r i n g  the R.F. outputs.  This procedure a l lows a f a i r l y  

constant D.C. t o  R.F. r a t i o  which i s  a primary r e q u i s i t e  f o r  a good 

spect ra l  r eso lu t i on .  



Fig.  3 - Typical mass spectra i n  the mass four region. 

Figure  3 shows t y p i c a l  mass spectra obtained f o r  the helium-4 

mass region.  The spectra were obtained i n  a  dynamic mode a t  6 ~ 1 0 - ~  mHg 

interna1 pressure. The spectrum A i s  a t  r eso lu t i on  6 and spectrum 8 i s  

a t  r eso lu t i on  2 .5  ca l cu la ted  a t  the helium-4 peak from equat ion (3). The 

e f f e c t  o f  broadenning o f  the  peaks and increased s e n s i b i l i t y  a t  lower 

reso lu t i ons  i s  innnediately observable. S e n s i t i v i t y  t o  he l  ium ions f o r '  
- 1 

the whole instrument was nearl y  A . to r r  , measured using the  above 

con f i gu ra t i on .  

The ion lenses were observed t o  be d i s c r i m i n a t i v e  t o  a c e r t a i n  

ex tent .  This i s  seen i n  F igure  4 obtained w i t h  s i m i l a r  cond i t ions  o f t h e  

spectrum A i n  Figure 3 but w i t h  L, p o t e n t i a l  decreased t o  about -250 

v o l t .  With t h i s  lens arrangement a l l  peaks o f  masses l i g h t e r  than he- 

1 ium-4 where e1 imina ted f rom the spectrum. 

The s t a b i l i t y  o f  the  instrument i s  e s s e n t i a l l y  dependent on the  

s t a b i l i t y  o f  the  associated e lec t ron i cs .  Nevertheless, some random ga in  

d r i f t s  were observed t o  be r e l a t e d  t o  the  lack  o f  mechanical s t i f f n e s s  

i n  the connection between the electrometer a m p l i f i e r  and the ion co l lec-  

t i n g  p la te .  



Fig. 4 - Mass spectrum showing the ef fect  of  mass d i sc r im ina t i on  o f  the 

ion lenses. 

5. CONCLWSIONS 

Prel iminary tes ts17 w i t h  the instrument using a r t i f i c i a l l y  pre-  

pared helium samples have dernonstrated tha t  i t  has enough s e n s i t i v i t y  

and s t a b i l  i t y  t o  be used as helium detec tor  f o r  g e o l o g i c a l  porpouses. 

Nevertheless, i t  i s  s t i l l  necessary t o  develop an e f f i c i e n t s a m p l e  i n l e t  

f o r  t h i s  s p e c i f i c  purpose. 

Although the quadrupole ion  f i l t e r  described here was opt imized 

fo r  the  helium region of masses, i t  i s  the op in ion  o f  the  present au- 

thors  t ha t  i t  can a l so  be used i n  an extended mass range w i t h  o n l y  a  

few modi f i ca t ions  i n  the associated e lec t ron i cs .  Bas ica l ly ,  the R.F.ma- 

ximum amplitude sha l l  be augumented fo l l ow ing  values given by equa- 

t i o n  (2) .  l 'he D.C. t o  R.F. r a t i o  w i l l  be automat ica l ly  kept  constant if 

i t  i s  being used the e lec t ron i c  con f i gu ra t i on  suggested i n  the text.The 

ion energy shal l be adjusted f o l  lowing values given by equation (4 ) .  

The described QMS i n  i t s  extended mass con f i gu ra t i on  can proba- 

b l y  be used as a  compact and s e n s i t i v e  dynamic res idua l  gas analyser i n  



the u l t r a  h igh  vacuurn technology, p o l l u t i o n ,  and a i r  con t ro l  sciences, 

medicine, and high a atmosphere research. 
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dying a t  Rice Un ivers i ty ,  USA. 
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