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Description 

The  present  invention  relates  to  a  method  of  ana- 
lyzing  a  material  by  mass-spectrometry  (MS),  and 
also  to  a  mass  spectrometer  apparatus  for  use  in  the 
novel  method. 

The  basic  elements  of  any  mass  spectrometer  in- 
clude:  (a)  sample  introduction  and  gasification  sys- 
tem;  (b)  ion  source;  (c)  tunable  mass  filter  (or  mass 
analyzer);  (d)  ion  detector;  (e)  vacuum  chambers  to 
allow  the  above;  and  (f)  data  processing  and  presen- 
tation  arrangements. 

It  is  known  (e.g.,  Review  of  Scientific  Instru- 
ments,  Vol.52  No.7,  July  1981,  New-York,  USA,  Pa- 
ges  1016-1024;  J.O.  Ballenthin  et  al.:  "Molecular 
Beam  Facility  for  Studying  Mass  Spectrometer  Per- 
formance";  also,  Analytical  Chemistry,  Vol.58,  No.14, 
Dec.  1986,  Washington,  USA  p.3242-3244;  T.  Imasa- 
ka  et  al.  "Capillary  Gas  Chromotograph  Determina- 
tion")  to  analyze  a  material  by  the  steps  of  forming  and 
injecting  into  a  vacuum  chamber  of  a  mass  spectrom- 
eter  a  supersonic  molecular  beam  of  a  carrier  gas 
mixed  with  a  vaporized  sample  of  the  material  to  be 
analyzed;  ionizing  the  material  in  the  supersonic  mo- 
lecular  beam;  mass-separating  the  ions  according  to 
their  mass;  detecting  the  mass-separated  ions  of  the 
material  to  be  analyzed;  and  utilizing  the  detected 
ions  for  identifying  the  material.  Such  a  method  was 
used  primarily  in  mass  spectrometry  for  the  transport 
of  molecules  in  order  to  detect  expermimental  results. 

An  object  of  the  present  invention  is  to  provide  a 
method  of  the  foregoing  type  more  suitable  for  use  in 
analytical  mass  spectrometry  for  identifying  materi- 
als. 

According  to  the  present  invention,  there  is  pro- 
vided  a  method  as  set  forth  above,  characterized  in 
that  the  supersonic  molecular  beam  is  vibrational^ 
super-cooled  to  induce  an  enhanced  molecular 
weight  peak. 

The  above  method  thus  distinguishes  from  the 
above-cited  publications,  which  do  not  relate  to  any 
cooling  effect  on  inducing  enhanced  molecular  weight 
peak.  As  will  be  described  more  particularly  below, 
the  cooling  of  molecules  in  the  supersonic  molecular 
beam  increases  substantially  the  molecular  weight 
peak  height,  and  the  available  level  of  mass  spectral 
information. 

The  detected  ions  may  then  be  used  for  identify- 
ing  the  material. 

The  molecular  beam  may  be  a  colli  mated  beam 
or  an  uncollimated  free  jet. 

Preferably,  the  method  includes  the  further  step 
of  filtering  the  ions  in  the  supersonic  molecular  beam 
from  ions  of  the  thermal  background  molecules  and 
carrier  gas  after  the  ionizing  step.  The  filtering  step 
may  be  performed  either  before,  or  after,  the  mass- 
separating  step. 

According  to  a  further  feature,  the  vibrational  su- 

per-cooling  prevailing  in  the  supersonic  molecular 
beam  induces  a  substantial  increase  in  the  relative 
height  of  the  molecular  weight  peak  and  the  available 
mass  spectral  information. 

5  Preferably,  the  material  to  be  analyzed  is  placed 
and  vaporized  behind  the  nozzle  of  the  supersonic 
molecular  beam  source  at  about  atmospheric  pres- 
sure.  The  ionizing  step  may  be  performed  according 
to  any  of  the  known  techniques,  for  example  by  elec- 

10  tron  impact  with  tunable  electron  energy,  by  chemical 
ionization,  or  by  photoionization. 

According  to  further  features,  the  material  may 
be  fed  to  the  supersonic  molecular  beam  from  a  gas 
chromatograph,  and  the  supersonic  expansion 

15  serves  as  a  jet  separator  to  enrich  the  material  con- 
centration  in  the  molecular  beam.  The  filtering  step 
transfers  ions  above  a  given  mass  to  the  detector  and 
thus  also  performs  as  a  crude  mass-separating  step. 
The  ion  detector  serves  both  as  a  universal  or  as  a 

20  functional  selective  specific  detector  for  the  gas  chro- 
matograph. 

According  to  still  further  features,  the  mass  sepa- 
rated  ions  are  monitored  with  respect  to  time  at  a  giv- 
en  mass  so  as  to  serve  as  a  functional  specific  de- 

25  tector  for  a  gas  chromatograph;  also,  the  supersonic 
molecular  beam  may  be  chopped  to  allow  lock-in  am- 
plification  data  analysis. 

The  carrier  gas  is  preferably  helium,  but  may  be 
hydrogen,  argon,  nitrogen  or  a  mobile  gas  of  a  super 

30  fluid  chromatograph  that  disolves  molecules  in  it  and 
forms  large  clusters,  e.g.  C02  or  NH3.  The  mass 
spectrometer  may  be  a  quadrupole  or  any  other 
known  mass  spectrometer. 

The  invention  also  provides  apparatus  foranalyz- 
35  ing  a  material  in  accordance  with  the  above  method. 

TECHNICAL  DISCUSSION 

Supersonic  molecular  beams  (SMB)  are  charac- 
40  terized  by  five  main  properties:  (a)  extreme  super- 

cooling  of  the  molecular  internal  vibrational  and  rota- 
tional  degrees  of  freedom;  (b)  a  controlled  amount  of 
kinetic  energy  in  the  hyperthermal  energy  range  of  up 
to  30eV;  (c)  unidirectional  motion  in  space;  (d)  mass 

45  focussing  of  heavy  species  into  the  centerline  of  the 
molecular  beam;  and  (e)  high  pressure  non-vacuum 
sample  inlet  behind  the  supersonic  nozzle.  The  pres- 
ent  invention  exploits  these  five  unique  properties  of 
SMB  to  greatly  improve  the  performance  of  mass 

so  spectrometers  (MS),  or  particularly  gas  chromato- 
graph  -  mass  spectrometers  (GC-MS),  as  will  be  de- 
scribed  below.  The  invention  is  described  below  par- 
ticularly  with  respect  toan  example  using  electron  im- 
pact  ionization  (El)  in  an  axial  beam-ionizer  conf  igur- 

55  ation  and  a  quadrupole  mass  spectrometer  (QMS)  as 
a  mass  analyzer,  but  it  will  be  appreciated  that  the  in- 
vention  could  also  be  applied  in  other  ionization  and 
mass  analysis  methods. 

2 



3  EPO 

The  sensitivity  of  any  mass  spectrometer  de- 
pends  on  both  the  ionization  efficiency  and  the 
amount  of  existing  background  noise.  The  ionization 
efficiency  of  electron  impact  (El)  is  markedly  lower  in 
SMB-MS  mostly  due  to  the  shorter  time  spent  by  the 
molecule  in  the  ion  source  when  the  ion  source  is  op- 
erated  at  the  fly-through  mode.  In  this  mode  of  oper- 
ation  the  molecular  beam  is  collimated  and  passed 
through  the  ionizer  almost  without  colliding  its  walls 
and  thus  its  very  low  vibrational-rotational  tempera- 
ture  as  well  as  high  kinetic  energy  is  retained.  On  the 
other  hand  the  background  ionization  efficiency  is  re- 
tained  and  thus  the  mass  spectrum  of  the  cold  mole- 
cules  is  usually  masked  by  their  self-background, 
namely  the  ionization  of  surface  scattered  thermal- 
ized  sample  molecules.  This  expected  substantial  re- 
duced  ionization  efficiency,  and  signal  to  background 
ratio  and  the  required  increased  pumping  capacity 
associated  with  supersonic  molecular  beams  would 
appearto  lead  one  away  from  using  a  supersonic  mo- 
lecular  beam  in  a  mass  spectrometer.  However,  as 
will  be  shown  below,  there  are  many  advantages  in 
the  use  of  a  supersonic  molecular  beam  in  a  mass 
spectrometer  which  far  outweigh  these  disadvantag- 
es. 

Molecular  aerodynamic  acceleration  in  super- 
sonic  beams  is  based  on  the  co-expansion  of  hydro- 
gen  or  helium  carrier  gas  with  the  heavier  organic 
molecules.  The  use  of  hydrogen  as  a  carrier  gas  in- 
creases  the  molecular  kinetic  energy  upon  its  co-ex- 
pansion  from  the  nozzle  to  the  hyperthermal  range  (1  - 
30eV).  Helium,  however,  as  a  heavier  gas,  is  superior 
to  hydrogen  in  vibrational  cooling  and  can  be  the  op- 
timal  choice  in  both  cooling  and  aerodynamic  accel- 
eration.  In  argon  the  vibrational  cooling  is  even  better 
but  at  the  price  of  much  lower  available  kinetic  ener- 
gy.  The  nozzle  can  be  a  simple  pinhole,  a  channel,  a 
slit  nozzle,  or  a  conical  shaped  nozzle  to  increase 
cluster  formation.  Pulsed  nozzle  operation  can  fur- 
ther  enhance  all  its  properties  and  reduce  the  pump- 
ing  capacities  required. 

The  motion  directionality  and  the  hyperthermal 
kinetic  energy  is  used  to  filter  out  the  background 
mass  spectrum  of  thermal  molecules  in  the  vacuum 
chamber  by  applying  a  low  (~-leV)  retarding  voltage 
which  reject  ions  of  background  molecules  alone,  and 
thus  the  obtained  mass  spectra  is  clean  and  repre- 
sent  only  those  energetic  molecules  which  entered 
the  MS  in  the  supersonic  beam. 

This  background  ion  filtration  is  very  important 
since  it  enhances  the  performance  of  mass  spectro- 
metry  in  supersonic  molecular  beam  from  several  as- 
pects  including: 

1.  The  suppression  of  background  contributes 
enhanced  sensitivity  and  provides  partial  com- 
pensation  for  the  lower  ionization  yield  encoun- 
tered  with  supersonic  molecular  beams. 
2.  The  elimination  of  background  ions  of  pyrolisis 
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products  in  the  ion  source  due  to  background  ion 
filtration,  allows  for  the  considerable  increase  in 
the  electron  emission  current  with  further  im- 
provement  of  the  detection  sensitivity. 

5  3.  Background  ion  filtration  also  eliminates  the 
self  background  of  sample  molecules  scattered 
from  the  ion  source  and  vacuum  chamber  walls. 
This  self  background  elimination  enables  the  ex- 
position  of  the  genuine  mass  spectrum  of  the  vi- 

10  brationally  cold  molecules  in  the  SMB.  This  fea- 
ture  constitutes  a  major  improvement  in  the 
amount  of  mass  spectral  information  as  will  be 
explained. 
4.  The  substantial  increase  in  the  relative  mass 

15  spectral  abundance  of  the  molecular  weight  peak 
considerably  improves  the  detection  sensitivity  in 
the  single  ion  monitoring  through  the  molecular 
weight  peak. 
5.  The  background  ion  filtration  enables  tail  free 

20  high  temperature  GC-MS  and  actually  removes 
any  MS  related  restrictions  on  the  volatility  of  the 
sample  molecules. 
We  note  that  while  the  molecular  weight  peak  is 

substantially  increased,  the  fragmentation  pattern  is 
25  sometimes  only  slightly  affected,  and  is  amenable  for 

comparison  with  the  available  thermal  70eV  El  mass 
spectra.  The  observed  spectra  contain  information 
that  usually  is  obtained  in  the  combination  of  El  and 
chemical  ionization  (CI),  but  the  parent  ion  complex  of 

30  lines  is  amenable  for  accurate  isotopic  analysis,  un- 
like  in  CI,  resulting  in  a  possible  elemental  analysis. 
In  addition  the  relative  parent  ion  peak  height  con- 
tains  new  structural  and  isomeric  information.  The  El- 
SMB-MS  fragmentation  pattern  is  totally  controlled 

35  by  the  electron  energy  and  information  concerning 
the  ionization  potential,  ion  bond  strengths  and  order 
of  appearance  can  be  extracted.  In  EI-SMB-MS  mo- 
lecular  thermal  decomposition  on  the  metal  walls  of 
the  ionizer  is  avoided  and  the  temperature  limit  in  the 

40  application  to  thermally  labile  molecules  can  be  that 
in  deactivated  quartz.  Negative  ion  formation  due  to 
free  electron  attachment  or  charge  exchange  (nega- 
tive  chemical  ionization)  can  be  enhanced  by  many 
orders  of  magnitude  because  of  the  vibrational  super- 

45  cooling. 
Sample  insertion  is  very  easy  and  fast.  It  is  per- 

formed  behind  the  nozzle  which  has  helium  or  hydro- 
gen  backing  pressure  slightly  above  atmosphere  and 
thus  the  sample  is  introduced  in  a  simple  screw  with- 

50  out  using  any  air-lock  and  bypassing  pumping.  This 
property  combined  with  the  absence  of  background, 
facilitate  a  very  fast  and  easy  mass  spectrometry  and 
allows  an  order  of  magnitude  increased  number  of 
mass  analysis  performed  per  unit  time.  Asample  may 

55  be  introduced  as  a  solid,  liquid  or  even  as  a  dilute  sol- 
ution  with  on-line  vaporization  of  the  solvent.  Alterna- 
tively,  the  carrier  gas  pressure  may  be  reduced  slight- 
ly  below  one  Atm  for  the  continuous  "head  space" 

3 
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analysis  or  sniff  ing  of  the  MS  inlet  gases  surrounding. 
In  the  coupling  of  a  gas  chromatograph  (GC)  to  a 

mass  spectrometer  (GC-MS),  the  supersonic  nozzle 
serves  as  an  efficient  jet  separator  for  the  efficient 
transfer  of  GC  molecules  into  the  MS  ionizer.  The  new 
EI-SMB-GC-MS  is  expected  to  exhibit  a  "tail  free"  op- 
eration  as  thermal  ized  molecules  following  sequence 
of  absorption-desorption  cycles  are  not  detected. 
This  tail  free  GC-MS  allows  the  measurements  of  rel- 
atively  non  volatile  and  thermolabile  molecules  that 
spend  a  short  time  in  the  short  column  high  flow  GC. 
The  coupling  of  high  temperature  GC  to  the  MS  is  also 
made  possible  in  contrast  to  conventional  GC-MS. 
The  GC  column  can  also  be  placed  between  the  open 
sample  injector  and  the  supersonic  nozzle.  The  back- 
ground  elimination  is  also  anticipated  to  allow  the  MS 
to  serve  as  a  GC  detector  with  universality  as  in  the 
thermal  conductivity  detector  but  with  sensitivity  su- 
perior  to  that  of  aflame  ionization  detector.  The  SMB- 
MS  would  appear  useful  as  a  specific  functional  se- 
lective  detector  with  or  without  molecular  pyrolisis  or 
oxidation,  and  would  also  appear  to  be  compatible 
with  other  complementary  ionization  methods,  such 
as  photoionization,  chemical  ionization  and  hyper- 
thermal  surface  ionization. 

We  also  note  that  the  same  idea  of  ion  filtration 
of  beam  species  against  background  molecules  can 
also  be  adopted  in  the  coupling  of  superfluid  chroma- 
tograph  (SFC).  In  this  case  large  clusters  of  the  stud- 
ied  molecules  are  complexed  with  the  mobile  C02 
monomer.  They  move  at  the  velocity  of  the  monomer, 
and  thus  acquire  hyperthermal  kinetic  energy. 

Finally  the  mere  process  of  ion  filtration  because 
of  the  molecular  initial  kinetic  energy  can  serve  by  it- 
self  as  a  crude  mass  analyzer  or  a  mass  spectromet- 
er.  In  supersonic  molecular  beams  the  available  ki- 
netic  energy  linearly  increases  with  the  molecular 
mass  and  it  can  serve  for  its  electrostatic  mass  sep- 
aration. 

The  invention  is  herein  described,  by  way  of  ex- 
ample  only,  with  reference  to  the  accompanying 
drawings,  wherein: 

Figs.  1a  and  1b  are  schematic  diagrams  illustrat- 
ing  experimental  setups  of  mass  spectrometers 
in  accordance  with  the  present  invention; 
Figs.  2a  and  2b  illustrate  electron  impact  ioniza- 
tion  mass  spectra  of  1-bromopentane; 
Figs.  3a-3c  are  electron  impact  ionization  mass 
spectra  of  bromopentane  isomers;  and 
Fig.  4  is  a  schematic  diagram  of  an  experimental 
setup  of  a  mass  spectrometer  containing  both 
electron  impact  ionization  and  surface  ionization 
ion  sources  coupled  to  a  hyperthermal  superson- 
ic  molecular  beam  source. 
Fig.  1a  schematically  illustrates  a  setup  for  pro- 

ducing  a  mass-spectrum  in  supersonic  molecular 
beams  (EI-SMB-MS).  The  sample  mixture  is  injected 
into  a  gas  chromatograph  (GC)  1.  In  the  GC  output  it 

is  mixed  with  a  carrier  gas  2,  preferably  a  light  carrier 
such  as  hydrogen  or  helium.  Alternatively,  the  molec- 
ular  sample  is  introduced  in  a  small  container  3  insert- 
ed  into  a  small  temperature  controlled  vaporization 

5  chamber  4.  The  molecular  vapour  is  mixed  with  the 
carrier  gas  and  is  transferred  in  the  separately  heated 
gas  transfer  line  5  into  a  separately  heated  superson- 
ic  nozzle  6.  This  transfer  line  5  can  also  serve  as  a 
GC  column  whose  injector  is  the  vaporization  cham- 

10  ber  4.  The  gas  mixture  expands  into  the  vacuum 
chamber  7  which  is  typically  pumped  by  4"  or  6"  dif- 
fusion  pump  (1"  =  25,4  mm). 

The  supersonic  free  jet  is  skimmed  at  8  and  the 
supersonic  jet  also  serves  as  a  very  efficient  jet  sep- 

15  arator  in  transferring  most  of  the  heavy  organic  mol- 
ecules  through  the  skimmer  into  the  second  vacuum 
chamber  9  directly  to  the  electron  beam  ionizer  1  0  in 
an  unperturbed  motion.  The  organic  molecules  in  the 
beam  are  ionized  at  10  and  the  ions  are  transferred 

20  via  the  aid  of  the  ion  lens  11  into  the  high  vacuum 
chamber  12  which  contains  the  quadrupole  mass 
analyzer  and  its  ion  detector  13.  The  lens  can  serve 
for  the  selective  transfer  of  ions  of  the  beam  mole- 
cules  without  those  of  the  carrier  gas  and  background 

25  molecules. 
It  is  also  possible  to  square  wave  modulate  the 

molecular  beam  using  a  mechanical  chopper  14 
which  will  be  positioned  in  the  SMB  trajectory.  This 
chopper  allows  the  signal  processing  using  lock-in 

30  amplification  in  order  to  discriminate  against  back- 
ground  mass  spectrum  of  the  vacuum  chamber  resid- 
ual  gases  when  conventional  EI-MS  is  used.  Vacuum 
chambers  9  and  12  can  be  unified  into  a  single  cham- 
ber  pumped  by  a  single  pump,  while  chamber  7  can 

35  be  pumped  by  a  single  rotary  pump  for  certain  appli- 
cations. 

Fig.  1  b  illustrates  a  commercially  available  quad- 
rupole  mass  spectrometer  (such  as  UTI-100C)  which 
already  contains  its  own  integrated  ionizer  and  in 

40  which  the  molecular  beam  chopper  is  positioned  in 
the  high  vacuum  chamber.  Thus,  whereas  in  Fig.  1a 
the  ionizer  is  separated  from  the  quadrupole  mass 
analyzer  and  is  close  to  the  nozzle  for  increased  ion- 
ization  yield,  in  Fig.  1b  the  ionizer  is  conveniently 

45  mounted  on  the  quadrupole  mass  spectrometer,  as  is 
commercially  available.  Finally,  we  note  that  while 
quadrupole  mass  analyzer  has  been  used,  this  meth- 
od  is  also  compatible  with  other  mass  analysis  meth- 
ods  such  as  magnetic  mass  filter,  ion  trap,  time  of 

50  flight,  FT-MS,  etc. 

PROPERTIES  AND  ADVANTAGES  OF  EI-SMB-MS 

1.  Increased  Sensitivity 
55 

While  the  ionization  efficiency  in  SMB  is  expect- 
ed  to  be  up  to  two  orders  of  magnitude  lower  than  in 
conventional  sampling,  the  obtained  signal  to  noise 

4 
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ratio  is  expected  to  be  increased  due  to  the  many  or- 
ders  of  magnitude  lower  noise  level  involved.  In  hy- 
perthermal  supersonic  molecular  beam  (HSMB),  the 
properties  of  the  directionality  and  high  molecular  ki- 
netic  energy  can  be  used  for  the  total  elimination  of 
background  mass  spectra  of  thermal  molecules  in  the 
ionizer  chamber.  This  background  filtering  is  ach- 
ieved  through  the  selective  control  of  the  ion  energy. 
In  an  axial  fly-through  operation  the  ion  energy  is  the 
sum  of  the  electrically  given  ion  energy  plus  the  neu- 
tral  molecule  kinetic  energy.  In  hyperthermal  beams 
when  hydrogen  is  used  as  a  carrier  gas  this  energy 
can  easily  exceed  10eV.  If  now  the  ions  will  be  reject- 
ed  by  giving  them  a  small  (negative)  retarding  ion  en- 
ergy  (~-1eV),  a  total  rejection  of  ions  formed  from 
thermal  molecules  will  be  ensured.  On  the  other 
hand,  ions  formed  from  molecules  in  the  HSMB  will 
retain  their  original  kinetic  energy  of  several  eV  minus 
1eV  and  thus  will  be  efficiently  transferred  through 
the  ion  lens  into  the  quadrupole  mass  analyzer  where 
they  will  be  mass  analyzed. 

Figs.  2a  and  2b  illustrate  this  drastic  effect  in  the 
70eV  EI-MS  of  1-bromopentane  which  is  injected  in  a 
hyperthermal  supersonic  molecular  beam  at  a  rate  of 
~  1  nanogram/sec  into  the  QMS  ionizer.  The  upper 
mass  spectrum  of  Fig.  2a  shows  the  result  of  a  con- 
ventional  operation  of  the  QMS,  wherein  the  MS  is  to- 
tally  dominated  by  water,  CO,  C02,  rotary  pump  oil  and 
many  other  fragments.  In  the  lower  mass  spectrum  of 
Fig.  2b,  the  ion  energy  was  reduced  to  -1eV  and  a 
clean  mass  spectrum  of  1-bromopentane  can  be 
seen  including  the  parent  undissociated  molecular 
ions  (two  bromine  isotopes)  and  several  fragment 
ions. 

It  will  also  be  noted  that  the  molecular  beam  may 
be  square  wave  modulated  and  the  signal  can  be 
processed  using  a  lock-in  amplifier.  In  this  way,  how- 
ever,  the  background  is  not  eliminated  but  is  turned 
into  a  much  smaller  noise  of  (N)1/2,  instead  of  N  where 
N  is  the  number  of  generated  ions  per  unit  time  con- 
stant. 

While  the  use  of  HSMB  and  background  ion  filtra- 
tion  is  superior  in  the  total  background  elimination, 
SMB  modulation  and  lock-in  amplification  might  be 
used  in  the  conventional  EI-MS  mode  of  operation  as 
schematically  shown  in  Fig  1a.  In  this  way  the  full  El 
ionization  efficiency  is  retained  while  the  background 
MS  is  reduced.  Lock-in  amplification  is  especially  de- 
sired  in  the  mode  of  selected  ion  monitoring  of  low 
mass  ions  where  the  required  modulation  frequency 
is  low  and  the  background  reduction  achieved  is  sub- 
stantial. 

One  of  the  problems  associated  with  the  use  of 
MS  as  a  GC  detector  is  known  as  "tailing". 

The  "tailing"  emerges  as  the  result  of  many  cycles 
of  adsorption  and  desorption  on  the  walls  of  the  com- 
plex  El  ion  source  even  at  the  temperature  of  250°C. 
This  slow  molecular  desorption  rate  increases  the 

time  that  the  molecule  spends  in  the  ionizer  and  is 
amenable  for  ionization  and  detection  and  reduces 
the  GC  time  resolution  especially  when  low  volatility 
molecules  are  studied. 

5  In  HSMB  only  the  unscattered  molecules  can  be 
transferred  after  being  ionized  to  the  mass  analyzer. 
Surface  scattered  molecules  will  lose  their  energy 
and  turn  into  thermal  molecules  which  cannot  enter 
the  mass  analyzer.  Thus,  the  real  initial  time  resolu- 

10  tion  of  the  GC  can  be  preserved,  which  is  of  special 
importance  to  fast  and  high  temperature  GC-MS. 

It  will  be  noted  that  beam  modulation  and  lock-in 
amplification  also  separate  the  in  phase  beam  mole- 
cules  and  the  background  scattered  molecules  and 

15  the  full  GC  time  resolution  is  preserved  in  this  way  as 
well.  Usually  beam  modulation  is  achieved  by  the  use 
of  a  conventional  mechanical  chopper.  However,  in 
supersonic  beams  a  pulsed  valve,  can  also  be  used 
with  the  advantage  of  a  substantial  reduction  of  the 

20  carrier  gas  load. 

3.  Largely  Increased  Mass  Spectral  Information 

Perhaps  the  most  important  aspect  of  EI-SMB- 
25  MS  is  the  unique  molecular  weight  and  structural  in- 

formation  obtained.  This  important  aspect  is  the  re- 
sult  of  the  large  intramolecular  vibrational  cooling. 

In  a  large  polyatomic  molecule  the  amount  of  in- 
ternal  thermal  vibrational-rotational  energy  can  be 

30  very  large.  The  high  temperature  molecular  vibration- 
al  energy  is  Ev=(3N-6)kT  where  N  is  the  number  of 
atoms  in  the  molecule,  k  is  the  Boltzmann  constant 
and  T  is  the  ionizer  temperature  which  in  many  appli- 
cations  is  ~250°C.  In  large  polyatomic  molecules  the 

35  high  temperature  limitforthe  heat  capacity  is  reached 
even  below  room  temperature  due  to  the  exponential 
increased  density  of  states  with  Ev. 

In  conventional  70eV  electron  energy  electron 
impact  ionization  the  molecular  ion  dissociates  for 

40  two  main  reasons:  (a)  the  electron  induced  ionization 
process  increases  the  ion  vibrational  energy  by  sev- 
eral  electron  volts;  and  (b)  the  thermal  molecular  vi- 
brational  energy  is  carried  out  in  the  electron  induced 
ionization  to  the  ion  due  to  the  Franck-Condon  prin- 

45  ciple  and  is  added  to  the  electron  induced  vibrational 
excitation. 

This  thermal  energy  contribution  to  the  ion  vibra- 
tional  energy  can  exceed  the  electron  excitation  con- 
tribution  in  large  polyatomic  molecules.  For  example, 

so  dioctylphtalate  has  66  atoms  and  at  250°C  its  aver- 
age  internal  thermal  vibrational  energy  can  be  8.3eV. 
Obviously  the  combination  of  these  two  sources  of  vi- 
brational  energy  leads  to  the  highly  undesirable  fea- 
ture  of  EI-MS  of  the  lack  of  molecular  peak  in  a  large 

55  portion  of  molecules  and  especially  in  complicated 
polyatomic  molecules.  Even  if  the  molecular  weight 
peak  exists  as  a  minor  peak,  it  cannot  be  trusted.  This 
state  of  affairs  dictates  the  usage  of  additional  softer 

5 
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ionization  method  such  as  chemical  ionization  (CI)  to 
supplement  El.  The  El  ionization  method  is  still  desir- 
able  because  of  the  large  amount  of  information  given 
in  the  fragmentation  pattern.  Even  the  techniques  of 
CI  in  several  cases  does  not  yield  a  pronounced  mo-  5 
lecular  weight  peak  because  of  the  internal  thermal  vi- 
brational  energy  and  because  of  the  usually  weaker 
chemical  bond  in  the  molecular  ion  as  compared  to  its 
parent  neutral  molecule  (one  electron  less  for  the 
chemical  bonds).  10 

One  of  the  well-known  properties  of  supersonic 
molecular  beams  is  the  large  vibrational-rotational 
cooling  encountered  which  results  in  less  than  0.1  eV 
internal  vibrational  energy.  Accordingly,  the  informa- 
tion  content  in  EI-SMB-MS  is  largely  increased  due  to  15 
the  following  reasons: 

a.  Molecular  Peak.  The  EI-MS  spectra  of  super- 
cooled  molecules  is  expected  to  show  a  highly 
pronounced  molecular  weight  peak.  Figs.  3a-3c 
compare  the  conventional  EI-MS,  with  the  mass  20 
spectra  obtained  in  the  supersonic  molecular 
beam  (EI-SMB-MS). 

Fig.  3a  illustrates  the  mass  spectrum  of  3- 
bromopentane  obtained  using  an  effusive  molec- 
ular  beam  generated  from  a  temperature  control-  25 
led  orifice  at  250°C.  The  70eV  EI-MS  shows  no 
parent  molecular  weight  peak  and  only  fragment 
peaks  are  observed.  The  molecular  peak  strong- 
ly  decreased  with  the  molecular  vibrational  tem- 
perature,  and  at  250°C  it  was  below  0.1%  of  the  30 
CsHn  fragment  peak  height  at  71  AMU,  in  both  3- 
bromopentane  and  2-bromopentane.  Similar 
70eV  EI-MS  spectra  are  given  in  the  literature 
which  show  no  molecular  peak. 

Fig.  3b  illustrates  the  mass  spectrum  ob-  35 
tained  in  a  fly-through  mode  of  operation  using  a 
supersonic  molecular  beam.  Actually,  all  the  ex- 
perimental  conditions  were  identical  as  in  Fig.  3a 
except  that  argon  carrier  gas  (similar  results  with 
hydrogen)  was  added  (200  torr  backing  pressure  40 
(1  torr  =  133,3  Pa))  to  form  a  supersonic  molec- 
ular  beam  with  the  3-bromopentane  at  the  same 
nozzle  temperature  of  250°C  and  electron  energy 
of  70eV.  Two  molecular  weight  peaks  are  now 
clearly  observed  due  to  the  two  bromine  79  and  45 
81  isotopes,  each  one  of  them  is  about  1  3%  of  the 
71  AMU  fragment  height.  Fig.  3c  illustrates  the 
mass  spectrum  of  a  similar  setup  as  3b,  except 
the  sample  molecules  are  1-bromopentane. 

It  will  thus  be  seen  that  Figs.  3a-3c  demon-  50 
strate  an  increased  relative  abundance  of  the 
molecular  weight  peak  by  more  than  two  orders 
of  magnitude  in  EI-SMB-MS  as  compared  to  con- 
ventional  EI-MS.  It  is  anticipated  that  this  state  of 
affairs  is  general  and  it  was  also  found  in  dio-  55 
ctylphtalate,  cholesterol,  methylstearate  etc.  The 
importance  of  this  effect  is  expected  to  increase 
with  the  molecular  size  (number  of  atoms).  Basi- 

cally,  the  EI-SMB-MS  can  be  considered  to  con- 
tain  the  combined  information  of  conventional  El 
and  CI,  but  following  is  an  explanation  of  why  it 
may  even  be  superior  to  that  combination. 
b.  Exact  Isotope  Ratio  in  the  Molecular  Complex 
Peaks  The  molecular  identification  is  usually  ob- 
tained  from  the  information  gathered  on  the  mo- 
lecular  weight,  fragmentation  pattern  and  the  ex- 
act  quantitative  isotopic  ratio  analysis  of  the  va- 
rious  complex  of  the  peaks  of  the  undissociated 
parent  ions.  This  later  analysis  cannot  be  per- 
formed  in  CI  due  to  the  large  and  unknown 
amount  of  proton  transfer  that  results  sometimes 
in  M+1  peaks. 

The  EI-SMB-MS  shows  the  exact  isotope  ra- 
tio  which  is  now  both  in  a  prominant  relative  peak 
and  also  contains  no  unknown  background  con- 
tributions.  In  Figs.  3b-3c,  for  example,  the  dou- 
blet  of  molecular  weight  peaks  separated  by  2 
AMU  immediately  suggests  the  existence  of  one 
bromine  atom  and  its  lack  in  the  71  AMU  frag- 
ment  which  exactly  corresponds  to  M-Br.  It  is  to 
be  noted  that  accurate  isotopic  analysis  can  Yield 
molecular  elemental  analysis. 
c.  Structural  and  Isomeric  Information.  The  use 
of  EI-SMB-MS  is  expected  to  significantly  ampli- 
fy  structural  mass  spectral  and  isomeric  effects 
which  sometimes  are  only  subtle.  Figs.  3a-3c 
demonstrate  the  above  in  the  comparison  of  EI- 
SMB-MS  of  1-bromopentane  (lower  trace)  and  3- 
bromopentane.  It  is  clearly  observed  that  the  mo- 
lecular  peak  in  the  secondary  bromine  compound 
is  smaller  by  a  factor  of  three  (relatively  unstable 
primary  cation).  This  effect  is  much  harder  to 
study  in  conventional  EI-MS  where  the  molecular 
peak  hardly  exist  or  is  totally  buried  in  the  noise 
or  background. 
d.  Total  Fragmentation  Tunability.  In  EI-SMB-MS 
the  electron  energy  is  the  only  single  experimen- 
tal  parameter  that  governs  the  degree  of  ion  frag- 
mentation.  This  state  of  affairs  implies  that  the 
degree  of  fragmentation  observed  can  be 
uniquely  controlled  using  a  single  "knob"  of  the 
electron  energy.  This  control  can  assure,  in  cas- 
es  of  doubts,  the  existence  of  a  molecular  peak 
with  much  less  sacrifice  in  senstivity.  In  addition, 
the  total  ion  current  versus  electron  energy  can 
be  obtained  and  fitted  to  simple  empirical  formu- 
las  and  the  approximate  ionization  potential  can 
be  extracted.  The  same  fitting  procedure  can  be 
performed  while  monitoring  a  given  fragment  and 
the  approximate  bond  strength  of  several  bonds 
in  the  ion  can  be  evaluated.  Actually,  all  these 
ideas  are  well-known  and  established  on  small 
molecules.  However,  their  implementation  on 
large  polyatomic  molecules  was  hampered  by 
thermal  vibrational  inhomogeneous  effects.  The 
use  of  EI-SMB-MS  can  revive  these  ideas. 
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e.  Van  der  Waals  Complexes.  In  the  rare  event 
that  the  molecular  peak  is  still  very  weak,  it  can 
be  further  enhanced  by  the  generation  of  weakly 
bound  argon  van  der  Waals  compexes  (when  ar- 
gon  is  used  as  a  carrier  gas).  The  excess  vibra- 
tional  energy  of  the  ion  is  now  expected  to  be  re- 
leased  in  the  bond  scisson  of  these  weakly  bound 
atoms.  The  observation  of  further  enhanced  mo- 
lecular  weight  peak,  combined  with  the  appear- 
ance  of  additional  peaks  at  a  known  added  mass 
of  the  carrier  gas,  may  serve  for  the  total  verifi- 
cation  of  the  molecular  weight  peak.  Finally,  it  is 
to  be  noted  that  the  EI-MS  of  van  der  Waals  com- 
plexes  is  unique  to  SMB  and  widen  its  scope. 
f.  Library  Search.  As  was  demonstrated  in  3-  and 
1-bromopentane  in  Figs.  3a-3c,  the  main  differ- 
ence  between  EI-MS  and  EI-SMB-MS  is  in  the 
relative  peak  height  of  the  molecular  parent  ion. 
This  molecular  ion  is  exponentially  reduced  with 
the  vibrational  temperature  while  other  ions  are 
at  a  relative  "steady  state"  relative  abundance  as 
they  also  gain  population.  Thus,  the  fragmenta- 
tion  pattern  of  EI-SMB-MS  is  similar  in  its  general 
appearance  to  that  of  EI-MS,  and  should  be  com- 
patible  with  the  existing  libraries.  The  software 
should  be  modified  to  consider  the  existance  of 
the  molecular  peak  but  to  ignore  its  relative 
height.  A  final  confirmation  should  be  performed 
by  the  isotopic  analysis  of  the  molecular  weight 
complex  of  peaks. 
g.  Negative  Ion.  The  vibrational  supercooling  can 
increase  by  several  orders  of  magnitude  the  elec- 
tron  attachment  cross-section  and  the  ion's  life- 
time.  Both  in  free  electron  attachment  and  neg- 
ative  chemical  ionization,  a  much  larger  group  of 
molecules  will  be  amendable  for  negative  ion  MS 
in  SMB. 

4.  Reproducibility  Reliability  and  Reduced  Thermal 
Decomposition 

The  reliability  and  reproducibility  is  expected  to 
be  better  than  in  conventional  EI-MS  as  there  are  no 
ionizer  daily  temperature  variation  effects,  no  vari- 
able  background  peaks  and  no  thermal  or  catalytic 
molecular  decomposition  on  the  ionizer  metallic  walls 
and  filament,  which  may  vary  between  different  in- 
struments.  As  the  molecular  insertion  can  be  per- 
formed  using  deactivated  quartz  tubes  and  transfer 
lines  and  the  nozzle  can  be  made  from  a  ceramic  or 
quartz,  EI-SMB-MS  can  be  performed  on  an  in- 
creased  range  of  thermally  labile  molecules. 

5.  Compatibility  With  a  GC 

The  supersonic  nozzle  vacuum  chamber  having 
a  4"  (1"  =  25,4  mm)  diffusing  pump  (Varian  VHS-4) 
can  accept  over  200  cc/min  (1  cc/min  =  10-6m3/min) 

of  hydrogen  and  thus  is  compatible  with  most  types 
of  gas  chromatographs,  using  both  packed  and  capil- 
lary  column.  The  hydrogen  cariergas  is  added  direct- 
ly  from  the  FID  detector  H2  flow  controller.  The  super- 

5  sonic  free  jet  expansion  serves  as  a  very  efficient 
built-in  jet  separator  and  may  transfer  over  50%  of  the 
organic  heavy  molecules  into  the  ionizer. 

6.  Selective  and  Non-Selective  Detection  of  a  GC 
10 

a.  Non-Selective  Universal  Detector.  In  this  mode 
the  mass  analyzer  serves  as  an  electrostatic  lens 
(RF  only  in  quadrupoles)  and  transmit  all  mass- 
es.  As  in  HSMB  the  molecular  kinetic  energy  lin- 

15  early  increases  with  the  mass  and  the  EI-HSMB 
ionizer  can  be  tuned  to  transfer  ions  above 
-10AMU  which  includes  over  99.9%  of  all  known 
molecules.  (The  only  notable  exceptions  are  He 
and  H2).  The  background  noise  will  be  deter- 

20  mined  by  carrier  gas  impurities  and  column 
bleeding  and  thus  the  total  expected  sensitivity  is 
equivalent  to  that  of  a  flame  ionization  detector 
but  with  the  generality  of  a  thermal  conductivity 
detector.  In  HSMB,  the  hydrogen  carrier  gas  pos- 

25  sesses  only  thermal  energy  and  thus  the  basic 
selectivity  against  the  carrier  gas  is  retained. 
b.  Selective  and  Specific  Detector.  The  use  of  El- 
HSMB-MS  offers  the  unique  advantages  of  a  sin- 
gle  detector  which  is  ultra-sensitive,  extremely 

30  selective,  linear  over  a  wide  range  and  which  can 
be  tuned  to  many  functional  groups  in  a  single  in- 
strument.  The  functional  selective  operation  can 
be  based  on  three  main  procedures: 

(a)  Mass  spectral  properties  and  fragmenta- 
35  tion  patterns.  Iodides  for  example  give  a  no- 

ticeable  iodine  peak  in  the  EI-MS  and  thus 
they  can  be  traced  by  ion  selective  detection 
at  127  AMU. 
(b)  The  organic  molecules  can  be  thermally 

40  decomposed  by  heating  them  in  a  heated 
tube  before  (or  after)  mixing  them  with  the  hy- 
drogen  carrier  gas.  Alcohols  can  be  detected 
as  CO  at  28  AMU,  organic  acids  and  esters 
can  be  detected  by  ion  monitoring  of  C02  at  44 

45  AMU  and  nitroso  compounds  by  the  detection 
of  NO  at  30  AMU. 
(c)  The  organic  molecule  can  be  oxidized  and 
burnt  in  oxygen  in  a  heated  tube.  In  this  way 
nitrogen  containing  molecules  can  be  detect- 

so  ed  as  NO,  sulphur  containing  molecules  as 
S02  and  halogen  containing  molecules  can  be 
detected  as  the  atomic  halogen  or  HX  where 
X  is  the  halogen. 

The  elimination  of  background  mass  spectral 
55  peaks  is  of  special  importance  in  the  low  mass  range 

of  10-80  AMU  which  is  very  prominent  in  any  vacuum 
chamber  residual  gas  mass  spectrum.  This  mass 
spectral  range  contains  most  of  the  functional  group 
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masses. 

7.  Fast  Sample  Introduction  and  Easy  Operation 

In  EI-SMB-MS  the  molecular  sample  can  be  di- 
rectly  introduced.  In  a  typical  operation  in  our  labora- 
tory  the  hydrogen  backing  pressure  and  flow  are 
regulated  with  a  needle  valve  to  be  -800  torr  (1  torr 
=  133,3  Pa)  behind  the  nozzle.  The  sample  is  intro- 
duced  through  a  simple  Wilson  seal  without  any  use 
of  the  time  consuming  air-lock  and  bypass  pumping. 
Actually,  the  sample  is  introduced  as  a  solid,  liquid  or 
a  solution  in  a  few  seconds  and  its  insertion  depth  de- 
termines  its  temperature.  The  mass  spctrum  is  then 
obtained  in  a  few  seconds  on  the  osciloscope  and  is 
averaged.  The  ionizer  cleanliness  in  SMB-MS  is  of 
much  reduced  importance  but  the  gas  transfer  line 
from  the  sample  introduction  chamber  to  the  nozzle 
needs  to  be  very  clean,  with  minimal  volume  and  held 
at  ~250°C  as  in  a  GC. 

Another  appealing  sample  introduction  approach 
involves  a  direct  gas  or  air  sampling.  The  hydrogen 
backing  pressure  is  reduced  to  740-730  torr  (1  torr  = 
133,3  Pa)  and  air  is  introduced  through  a  needle  due 
to  the  pressure  difference.  In  this  sampling  mode  rel- 
atively  volatile  samples  can  be  analyzed  in  a  contin- 
uous  fashion. 

8.  Coupling  with  Other  Methods  of  Ionization 

a.  Hyperthermal  Surface  Ionization.  Hyperthermal 
surface  ionization  (HSI)  constitutes  a  very  promising 
new  ionization  technique.  An  extensive  description  of 
HSI  is  given  in  US  Patent  No.4845367  by  A.  Amirav 
and  A.  Danon  As  HSI  is  also  based  on  the  use  of 
HSMB  it  also  possesses  several  of  the  advantages  of 
EI-HSMB  such  as  the  lack  of  background  mass  spec- 
tral  peaks,  tail  free  efficient  coupling  to  a  GC  and  the 
possible  usage  as  an  extremely  sensitive  and  selec- 
tive  GC  detector.  The  extreme  sensitivity  of  HSI,  its 
unique  fragmentation  pattern  and  the  use  of  hyper- 
thermal  supersonic  molecular  beam  makes  it  an  ideal 
complementary  ionization  technique  to  EI-SMB. 

Variations  and  Other  Applications 

Fig.  4  schematically  illustrates  a  setup  that  con- 
tain  both  EI-HSMB  and  HSI  ion  sources.  As  both 
these  techniques  are  based  on  HSMB,  the  basic  va- 
cuum  chambers  and  pumping  requirements  are  iden- 
tical  as  in  Figs.  1a  and  1  b,  and  are  therefore  identified 
by  the  same  reference  numerals. 

In  HSI,  however,  the  HSMB  scatters  from  a  solid 
surface  which  can  be  lowered  to  the  beam  path  from 
a  manipulator  and  the  ions  are  detected  by  a  perpen- 
dicular  QMS.  This  perpendicular  configuration  repre- 
sents  a  problem  as  EI-HSMB  requires  an  axial  QMS. 
This  experimental  problem  can  be  solved  in  several 

ways  as  shown  in  Fig.  4. 
1  )  Two  QMS  heads  may  be  assembled  in  the  high 
vacuum  chamber  16  and  13; 
2)  One  QMS  may  be  installed  and  moved  be- 

5  tween  two  mounting  flanges  according  to  the  de- 
sired  ionization  method; 
3)  An  alternative  approach  is  to  use  two  nozzles 
instead  of  two  QMS  heads. 
4)  The  most  promising  approach  seems  to  use 

10  the  configuration  shown  in  Fig.  4  with  one  QMS 
head  90°  to  the  beam  axis.  In  this  case  the  sur- 
face  is  moved  up  or  down  and  an  ion  deflector  is 
introduced  in  the  ion  path  which  is  capable  of  90° 
ion  deflection  with  minimal  energy  abberation. 

15  b.  Photoionization.  Photoionization  might  also  be 
coupled  to  EI-HSMB  either  with  a  line  light  source 
or  with  a  tunable  vacuum  ultraviolet  monochro- 
matic  light  in  order  to  exploit  the  well  defined 
threshold  ionization  behavior  of  the  vibrational^ 

20  supercooled  molecules. 
c.  Conventional  Electron  Impact  and  Chemical 
Ionization  The  use  of  conventional  El  and  CI 
methods  can  also  benefit  from  the  use  of  SMB. 
As  shown  in  Fig.  1a  the  nozzle  can  serve  as  an 

25  efficient  jet  separator  and  it  allows  the  use  of  a 
mechanical  chopper  and  lock-in  amplification  for 
automatic  background  substraction  and  for  the 
elimination  of  "tailing"  in  the  detection  of  a  gas 
chromatograph.  In  this  mode  a  portion  of  the 

30  beam  scatter  from  the  ionizer  surface,  thermal- 
ize,  ionized  and  detected  in  the  usual  way.  The 
transition  from  EI-SMB  to  El  is  simply  performed 
by  switching  the  ion  energy  to  +10eV.  The  much 
longer  time  that  the  thermal  molecules  spend  in 

35  the  ionizer  largely  increase  its  ionization  prob- 
ability  and  the  obtained  MS  is  dominated  by  the 
conventional  EI-MS.  If  the  entrance  and  exit  are 
made  small  enough  (or  a  rotary  pump  is  used  in 
vacuum  chambers  7  and  6),  the  pressure  in  the 

40  ionizer  10  is  increased  and  with  the  use  of  me- 
thane  as  a  carrier  gas  chemical  ionization  can  be 
performed. 
Alternatively,  the  supersonic  free  jet  expansion 

may  serve  as  a  high  pressure  CI  zone  with  the  advan- 
45  tage  of  both  vibrational  cooling  and  the  inherent  built- 

in  pressure  gradient. 
Another  very  appealing  approach  is  to  use  or  mix 

heavier  alkanes  as  or  in  the  carrier  gas  such  as  bu- 
tane  or  pentane  in  order  to  promote  cluster  formation 

so  with  the  carrier  gas  which  will  induce  self-chemical 
ionization  in  the  cluster  to  yield  the  stable  protonated 
molecular  ion. 

9.  Compatability  with  Supercritical  Fluid  (and 
55  Liquid)  Chromatography 

The  supersonic  co-expansion  of  C02  with  the  or- 
ganic  molecules  from  the  supercritical  fluid  chroma- 
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tograph  into  vacuum  is  known  to  result  in  large  clus- 
ters  of  M(C02)n  where  M  is  the  molecule  and  n  is  the 
number  of  C02  molecules  in  the  cluster.  Typically  n 
can  be  a  few  hundred  but  it  can  be  reduced  to  a  few 
tens.  These  clusters  move  after  the  supersonic  ex- 
pansion  at  the  velocity  of  C02  monomers  and  thus  are 
acquired  with  a  hyperthermal  kinetic  energy  due  to 
their  large  mass.  As  described  before  and  referring  to 
Fig.  4a,  the  clusters  can  be  ionized  in  the  El  ion 
source  10  and  the  directionality  and  hyperthermal  ki- 
netic  energy  can  be  used  to  filter  out  the  cluster  ions 
from  background  ions.  It  is  suggested  then  that  the 
molecules  will  be  declusterized  through  a  single  (or 
multiple)  scattering  from  a  solid  surface  15  in  front  of 
the  mass  analyzer  16.  This  surface  scattering  at  a 
controlled  amount  of  kinetic  energy  is  known  to  effi- 
ciently  convert  kinetic  energy  into  internal  vibrational 
energy.  As  the  C02  intracluster  bonds  are  much  weak- 
er,  than  the  ordinary  chemical  bonds,  it  is  anticipated 
that  they  will  dissociate  from  the  ion  and  the  molecule 
with  lower  ionization  potential,  will  retain  the  charge 
and  can  be  mass  analyzed. 

10.  Hyperthermal  Mass  Spectroscopy  (HMS) 

In  certain  cases  where  only  low  mass  resolution 
of  M/AM=10  is  required,  the  EI-SMB  ion  source  by  it- 
self  can  serve  as  a  mass  spectrometer.  In  the  seeded 
supersonic  molecular  beam  the  equal  velocities  of  all 
species  dictate  a  linear  molecular  kinetic  energy  in- 
crease  with  the  molecular  weight.  After  ionization  a 
simple  electrostatic  deflection  plate  or  any  other 
method  of  energy  analysis  can  be  used  as  a  mass 
analyzer.  The  simplest  approach  is  to  scan  the  ion  en- 
ergy  and  to  derivatize  the  obtained  ion  energy  scan  to 
obtain  a  mass  spectrum.  The  mass  resolution  can  po- 
tentially  be  increased  by  the  use  of  a  high  throughput 
pulsed  helium  up  to  M/AM=100.  Aside  simplicity  and 
high  throughput  the  main  advantages  of  HMS  is  in  its 

e)  utilizing  said  detected  ions  for  identifying 
said  material, 

characterized  by  ionizing  the  molecules  of 
said  material  within  said  supersonic  molecular 

5  beam,  while  passing  through  an  ionizer  and  by 
the  enhancement  of  molecular  weight  peaks  of 
said  material  due  to  ionizing  said  material  within 
said  beam. 

10  2.  The  method  according  to  claim  1,  wherein  said 
molecules  are  in  the  form  of  clusters. 

3.  The  method  according  to  claim  1  ,  further  com- 
prising  the  step  of  filtering  ions  formed  from  said 

15  molecular  beam  having  enhanced  molecular 
weight  peaks  to  separate  ions  including  en- 
hanced  molecular  weight  peaks  from  ions  of  the 
thermal  background  molecules  and  carrier  gas. 

20  4.  The  method  according  to  claim  1,  wherein  the 
sample  molecules  are  ionized  by  electrons 
through  electron  impact  ionization  and/or  chem- 
ical  ionization. 

25  5.  The  method  according  to  claim  1,  wherein  the 
material  to  be  analyzed  is  located  behind  the  su- 
personic  nozzle  source  at  about  atmospheric 
pressure. 

30  6.  The  method  according  to  claim  1,  wherein  said 
material  is  fed  from  a  gas  chromatograph. 

7.  The  method  according  to  claim  1,  wherein  said 
carrier  gas  is  the  mobile  gas  of  a  supercritical  flu- 

35  id  chromatograph. 

8.  Apparatus  for  analyzing  a  material,  comprising: 
a)  a  mass  spectrometer  having  a  vacuum 
chamber  (7); 

40  b)  means  for  forming  and  injecting  (via  nozzle 
6)  into  said  vacuum  chamber  of  said  mass 
spectrometer  a  supersonic  molecular  beam  of 
super-cooled  molecules,  said  beam  including 
a  carrier  gas  (from  2)  mixed  with  a  vaporized 

45  sample  of  material  to  be  analyzed; 
c)  means  for  ionizing  said  material  of  the  su- 
personic  molecular  beam; 
d)  means  for  mass-separating  the  ions  ac- 
cording  to  their  mass; 

so  e)  means  for  detecting  (via  13)  the  mass- 
separated  ions  of  the  material  to  be  analyzed, 
and 
f)  means  for  utilizing  the  detected  ions  for 
identifying  the  material  thereof, 

55  characterized  in  that  said  means  for  form- 
ing  and  said  means  for  ionizing  the  beam  facili- 
tate  the  ionization  of  said  material  in  the  form  of 
a  vibrational^  cold  supersonic  molecular  beam, 

virtually  unlimited  mass  range.  40 

Claims 

1.  A  method  of  analyzing  a  material  comprising  the  45 
steps  of: 

a)  forming  and  injecting  (via  nozzle  6)  into  a 
vacuum  chamber  (7)  of  a  mass  spectrometer, 
a  supersonic  molecular  beam  of  vibrational^ 
super-cooled  molecules,  said  beam  including  so 
a  carrier  gas  (from  2)  mixed  with  a  vaporized 
sample  of  material  to  be  analyzed; 
b)  ionizing  (via  10)  said  material  of  the  super- 
sonic  molecular  beam; 
c)  mass-separating  the  ions  according  to  their  55 
mass; 
d)  detecting  (via  13)  said  mass-separated 
ions  of  said  material  to  be  analyzed,  and 
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for  ionizing  the  material  within  said  beam,  thereby 
inducing  enhanced  molecular  weight  peaks. 

9.  The  apparatus  according  to  claim  8,  wherein  said 
molecules  are  in  the  form  of  clusters. 

10.  The  apparatus  according  to  claim  8,  further  com- 
prising  means  for  filtering  ions  from  said  molec- 
ular  beam  having  enhanced  molecular  weight 
peaks,  thereby  separating  ions  including  en- 
hanced  molecular  weight  peaks  from  ions  of  ther- 
mal  background  molecules  and  carrier  gas. 

11.  The  apparatus  according  to  claim  8,  further  in- 
cluding  means  for  locating  the  material  to  be  ana- 
lyzed  behind  the  nozzle  of  the  supersonic  molec- 
ular  beam  source  at  about  atmospheric  pressure. 

12.  The  apparatus  according  to  claim  8,  further  in- 
cluding  means  for  producing  ionizing  electrons 
for  electron  impact  ionization  or  chemical  ioniza- 
tion. 

13.  The  apparatus  according  to  claim  8,  further  in- 
cluding  a  gas  chronomotograph  connected  to  the 
means  for  forming  the  beam  and  injecting  it  into 
said  vacuum  chamber. 

Patentanspruche 

1  .  Verfahren  zum  Analysieren  eines  Materials,  bein- 
haltend  die  Schritte: 

a)  Bilden  eines  Uberschallmolekularstrahls 
aus  schwingungsunterkuhlten  Molekulen  und 
Injizieren  desselben  (ubereine  Duse  6)  in  ei- 
ne  Vakuumkammer  (7)  eines  Massenspektro- 
meters,  wobei  der  Strahl  ein  Tragergas  (aus 
2)  vermischt  mit  einer  verdampften  Probe  von 
zu  analysierendem  Material  enthalt; 
b)  lonisieren  (uber  10)  des  Materials  des  Ul- 
traschallmolekularstrahls; 
c)  Massentrennung  der  lonen  nach  ihrer  Mas- 
se; 
d)  Erfassen  (uber  13)  der  nach  ihrer  Masse 
getrennten  lonen  des  zu  analysierenden  Ma- 
terials,  und 
e)  Verwenden  dererfaliten  lonen  zum  Identi- 
f  izieren  des  Materials, 

gekennzeichnet  durch  lonisieren  der  Molekule 
des  Materials  innerhalb  des  Uberschallmoleku- 
larstrahls,  wahrend  er  durch  einen  lonisierer  hin- 
durchgeleitet  wird,  und  durch  die  Verstarkung 
von  Molekulargewichtsspitzen  des  Materials  auf- 
grund  der  lonisierung  des  Materials  innerhalb 
des  Strahls. 

2.  Verfahren  nach  Anspruch  1,  wobei  die  Molekule 

in  Form  von  Clustern  vorliegen. 

3.  Verfahren  nach  Anspruch  1  ,  weiter  beinhaltend 
den  Schritt  Filtern  der  aus  dem  Molekularstrahl 

5  gebildeten  lonen,  die  verstarkte  Molekularge- 
wichtsspitzen  haben,  urn  lonen  mit  verstarkten 
Molekulargewichtsspitzen  von  lonen  der  thermi- 
schen  Hintergrundmolekule  und  des  Tragerga- 
ses  zu  trennen. 

10 
4.  Verfahren  nach  Anspruch  1,  wobei  die  Proben- 

molekule  durch  Elektronen  durch  Elektronen- 
stoliionisation  und/oder  chemische  lonisation  io- 
nisiert  werden. 

15 
5.  Verfahren  nach  Anspruch  1  ,  wobei  das  zu  analy- 

sierende  Material  hinter  der  Uberschalldusen- 
quelle  bei  etwa  Atmospharendruck  angeordnet 
wird. 

20 
6.  Verfahren  nach  Anspruch  1  ,  wobei  das  Material 

aus  einem  Gaschromatographen  zugefuhrt  wird. 

7.  Verfahren  nach  Anspruch  1,  wobei  das  Trager- 
25  gas  das  mobile  Gs  eines  superkritischen  Fluid- 

chromatographen  ist. 

8.  Vorrichtung  zum  Analysieren  eines  Materials,  mit 
a)  einem  Massenspektrometer,  das  eine  Va- 

30  kuumkammer  (7)  hat; 
b)  einer  Einrichtung  zum  Bilden  eines  Uber- 
schallmolekularstrahls  aus  unterkuhlten  Mo- 
lekulen  und  zum  Injizieren  desselben  (uberei- 
ne  Duse  6)  in  die  Vakuumkammer  des  Mas- 

35  senspektrometers,  wobei  der  Strahl  ein  Tra- 
gergas  (aus  2)  vermischt  mit  einer  verdampf- 
ten  Probe  von  zu  analysierendem  Material 
enthalt; 
c)  einer  Einrichtung  zum  lonisieren  des  Mate- 

40  rials  des  Uberschallmolekularstrahls; 
d)  einer  Einrichtung  zur  Massentrennung  der 
lonen  nach  ihrer  Masse; 
e)  einer  Einrichtung  zum  Erfassen  (uber  13) 
der  nach  ihrer  Masse  getrennten  lonen  des  zu 

45  analysierenden  Materials,  und 
f)  einer  Einrichtung  zum  Benutzen  dererfali- 
ten  lonen  zum  Identifizieren  des  Materials 
derselben, 

dadurch  gekennzeichnet,  dali  die  Einrichtung 
so  zum  Bilden  und  die  Einrichtung  zum  lonisieren 

des  Strahls  die  lonisation  des  Materials  in  Form 
eines  schwingungsmaliig  kalten  Uberschallmole- 
kularstrahls  erleichtern,  urn  das  Material  inner- 
halb  des  Strahls  zu  ionisieren  und  dadurch  ver- 

55  starkte  Molekulargewichtsspitzen  hervorzuru- 
fen. 

9.  Vorrichtung  nach  Anspruch  8,  wobei  die  Molekule 

10 
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in  Form  von  Clustern  vorliegen. 

10.  Vorrichtung  nach  Anspruch  8,  weiter  mit  einer 
Einrichtung  zum  Herausfiltern  von  lonen  aus 
dem  Molekularstrahl,  die  verstarkte  Molekularge- 
wichtsspitzen  haben,  urn  dadurch  die  lonen,  die 
verstarkte  Molekulargewichtsspitzen  aufweisen, 
von  lonen  von  thermischen  Hintergrundmoleku- 
len  und  Tragergas  zu  trennen. 

11.  Vorrichtung  nach  Anspruch  8,  weiter  mit  einer 
Einrichtung  zum  Anordnen  des  zu  analysieren- 
den  Materials  hinter  der  Duse  der  Uberschallmo- 
lekularstrahlquelle  mit  etwa  Atmospharendruck. 

12.  Vorrichtung  nach  Anspruch  8,  weiter  mit  einer 
Einrichtung  zum  Erzeugen  von  lonisierungselek- 
tronen  zur  Elektronenstoliionisation  oder  chemi- 
schen  lonisation. 

13.  Vorrichtung  nach  Anspruch  8,  weiter  mit  einem 
Gaschromatographen,  der  mit  der  Einrichtung 
zum  Bilden  des  Strahls  und  zum  Injizieren  des- 
selben  in  die  Vakuumkammer  verbunden  ist. 

Revendications 

2.  La  methode  selon  la  revendication  1,  dans  la- 
quelle  lesdites  molecules  sont  sous  la  forme  d'ag- 
glomerats  moleculaires. 

3.  La  methode  selon  la  revendication  1  ,  comprenant 
en  outre  I'etape  de  f  iltrerdes  ions,  formes  a  partir 
dudit  faisceau  moleculaire,  ayant  des  pics  de 
poids  moleculaires  accrus,  pour  separer  les  ions 

5  comprenant  des  pics  de  poids  moleculaire  accrus 
des  ions  des  molecules  du  bruit  de  fond  thermi- 
que  et  du  gaz  vehicule. 

4.  La  methode  selon  la  revendication  1,  dans  la- 
10  quelle  les  molecules  de  I'echantillon  sont  ioni- 

sees  par  des  electrons  par  I'intermediaire  d'une 
ionisation  par  chocs  d'electrons  et/ou  d'une  ioni- 
sation  chimique. 

15  5.  La  methode  selon  la  revendication  1,  dans  la- 
quelle  le  materiau  a  analyser  est  place  derriere  la 
source  de  la  buse  supersonique,  a  peu  pres  a  la 
pression  atmospherique. 

20  6.  La  methode  selon  la  revendication  1,  dans  la- 
quelle  led  it  materiau  est  amene  a  partir  d'un  chro- 
matographe  en  phase  gazeuse. 

7.  La  methode  selon  la  revendication  1,  dans  la- 
25  quelle  ledit  gaz  vehicule  est  le  gaz  mobile  d'un 

chromatographe  en  phase  fluide  supercritique. 

8.  Un  appareil  pour  analyser  un  materiau,  compre- 
nant: 

30  al  un  spectrometre  de  masse  ayant  une 
chambre  a  vide  (7); 
b/  un  moyen  pour  former  et  injecter  (par  I'in- 
termediaire  d'une  buse  6),  dans  ladite  cham- 
bre  a  vide  dudit  spectrometre  de  masse,  un 

35  faisceau  moleculaire  supersonique  de  mole- 
cules  surfondues,  ledit  faisceau  comprenant 
un  gaz  vehicule  (a  partir  de  2)  melange  avec 
un  echantillon  vaporise  du  materiau  a  analy- 
ser; 

40  cl  un  moyen  pour  ioniser  ledit  materiau  du 
faisceau  moleculaire  supersonique; 
61  un  moyen  pour  faire  une  separation  de 
masse  des  ions,  conformement  a  leur  masse; 
el  un  moyen  pour  detecter  (par  I'intermediaire 

45  de  13)  les  ions,  separes  en  fonction  de  leur 
masse,  du  materiau  a  analyser  et 
f/  un  moyen  pour  utiliser  les  ions  detectes 
pour  identifier  le  materiau  dont  proviennent 
ces  derniers, 

so  caracterise  en  ce  que  ledit  moyen  pour  for- 
mer  et  ledit  moyen  pour  ioniser  le  faisceau  facili- 
tent  I'ionisation  dudit  materiau,  sous  la  forme  d'un 
faisceau  moleculaire  supersonique  vibrationnel- 
lement  a  faible  energie,  pour  ioniser  le  materiau 

55  a  I'interieurduditfaisceau,  induisantdece  fait  des 
pics  de  poids  moleculaires  accrus. 

9.  L'appareil  selon  la  revendication  8,  dans  lequel 

1.  Une  methode  d  analyse  d  un  materiau  compre- 
nant  les  etapes  de  :  30 

al  former  et  injecter  (par  I'intermediaire  d'une 
buse  6),  dans  une  chambre  a  vide  (7)  d'un 
spectrometre  de  masse,  un  faisceau  molecu- 
laire  supersonique  de  molecules  surfondues 
vibrationnellement,  ledit  faisceau  comprenant  35 
un  gaz  vehicule  (a  partir  de  2)  melange  avec 
un  echantillon  vaporise  du  materiau  a  analy- 
ser; 
b/  ioniser  (par  I'intermediaire  de  10)  ledit  ma- 
teriau  du  faisceau  moleculaire  supersonique;  40 
cl  lake  une  separation  de  masse  des  ions, 
conformement  a  leur  masse; 
61  detecter  (par  I'intermediaire  de  13)  lesdits 
ions,  separes  par  leur  masse,  dudit  materiau 
a  analyser,  et  45 
el  utiliser  lesdits  ions  detectes  pour  identifier 
ledit  materiau, 

caracterise  par  I'ionisation  des  molecules 
dudit  materiau  a  I'interieurduditfaisceau  molecu- 
laire  supersonique,  tandis  qu'il  passe  a  travers  so 
un  ionisateur,  et  par  I'augmentation  des  pics  de 
poids  moleculaires  dudit  materiau,  du  fait  de  I'io- 
nisation  dudit  materiau  a  I'interieur  dudit  fais- 
ceau. 

11 



21  EP  0  408  487  B1  22 

lesdites  molecules  sont  sous  la  forme  d'agglome- 
rats  moleculaires. 

10.  L'appareil  selon  la  revendication  8,  comprenant 
en  outre  un  moyen  pour  filter  des  ions  provenant  5 
dudit  faisceau  moleculaire  ayant  des  pics  de 
poids  moleculaires  accrus,  separant  de  ce  fait  les 
ions  comprenant  des  pics  de  poids  moleculaires 
accrus  des  ions  des  molecules  du  bruit  de  fond 
thermique  et  du  gaz  vehicule.  10 

11.  L'appareil  conformement  a  la  revendication  8, 
comprenant  en  outre  un  moyen  pour  placer  le 
materiau  a  analyser  derriere  la  buse  de  la  source 
du  faisceau  moleculaire  supersonique,  a  peu  15 
pres  a  la  pression  atmospherique. 

12.  L'appareil  selon  la  revendication  8,  comprenant 
en  outre  un  moyen  pour  produire  des  electrons 
ionisants,  pour  une  ionisation  par  chocs  d'elec-  20 
trons  ou  une  ionisation  chimique. 

13.  L'appareil  selon  la  revendication  8,  comprenant 
en  outre  un  chromatographe  en  phase  gazeuse 
relie  au  moyen  pourformer  le  faisceau  et  I'injecter  25 
dans  ladite  chambre  a  vide. 
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