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I O N  MICROPROBE MASS SPECTROMETRY USING SPUTTER1 MG 
ATOMIZATION AND RESONANCE IONIZATION 

D. E. Goeringer, tj, H. C h r i s t i e ,  H. S .  McKown 
and n. L. Donohue* 

Abs t rac t  

Resonance I o n i z a t i o n  Mass Spectrometry (RIMS) u t i 1  i z i n g  i o n  beam 
s p u t t e r i n g  a tomiza t ion  has been a p p l i e d  t o  t h e  measurement o f  U and Sm. 

The goal i s  t o  produce an u l t r a s e n s i t i v e  a n a l y t i c a l  technique f o r  mea- 
s u r i n g  elements of environmental concern i n  small  p a r t i c l e s  o r  i n c l u -  
s ions.  An i o n  microprobe mass ar ia lyzer (IMMA) has been mod i f ied  t o  
a l l o w  produc t ion  o f  a spu t te red  atom plume through which h i g h  powered 
t u n a b l e  l a s e r  r a d i a t i o n  i s  d i r e c t e d .  Ions o f  a g iven  element are pro- 
duced by a m u l t i s t e p  resonance i o n i z a t i o n  process fo l lowed by e x t r a c t i o n  
i n t o  a double- focus ing mass spectrometer f o r  d e t e c t i o n .  Data are 
presented showing mass and o p t i c a l  spec t ra  obta ined as w e l l  as the  
s e n s i t i v i t y  o f  t h e  technique. 

*Present address: I A E A ,  Vienna, A u s t r i a  
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1. I n t r o d u c t i o n  

Resonance I o n i z a t i o n  Mass Spectrometry ( R I M S )  has r e c e n t l y  been 
developed i n t o  a u s e f u l  technique f o r  i s o t o p i c  r a t i o  measurements. 
Studies performed i n  our laboratory1'5 and e l  sewhereG'l3 have 
been repor ted  f o r  a v a r i e t y  o f  elements us ing thermal v a p o r i z a t i o n  
sources t o  produce t h e  atom r e s e r v o i r  f o r  l a s e r - i  nduced resonance i o n i -  
za t ion .  Other methods o f  a tomiza t ion  have been repor ted,  i n c l u d i n g  a 
glow d ischargeY14 1 aser  a b l a t i o n , l 5  and i o n  be am 
sputter ing.16-18 

I o n  beam s p u t t e r i n g  i s  an a t t r a c t i v e  process f o r  coup l ing  w i t h  
pu lsed l a s e r  i o n i z a t i o n  because t h e  process o f  atom fo rmat ion  can be 

h i g h l y  c o n t r o l l e d .  S p u t t e r  r a t e s  f o r  pure metals have been measured 
under d i f f e r i n g  c o n d i t i o n s  o f  i n c i d e n t  i o n  beam composi t ion,  energy, 
angle,  and c u r r e n t  dens i ty .  Knowledge of t h e  energy and angular  d i s t r i -  
b u t i o n  o f  t h e  sput te red  atoms a l lows one t o  c a l c u l a t e  t h e  geometr ical  
o v e r l a p  between a s p u t t e r  "plume" and a l a s e r  beam o f  g iven  cross-  
sec t ion .  I n  a d d i t i o n ,  when pulsed s p u t t e r i n g  i s  u t i 1  i zed ,  t h e  temporal 
over1 ap between t h e  a tomiza t ion  and i o n i z a t i o n  can approach 100%. Pro- 
v ided t h e  l a s e r  beam i s  s u f f i c i e n t l y  powerful  t o  s a t u r a t e  t h e  i o n i z a t i o n  
process, t h e  o v e r a l l  e f f i c i e n c y  w i l l  a l l o w  1 i o n  t o  be formed f o r  every 
50 o r  fewer atoms removed from t h e  sample. Determinat ion  o f  i s o t o p e  
r a t i o s  then becomes a m a t t e r  o f  e x t r a c t i n g  these ions i n t o  a s u i t a b l e  
mass spectrometer,  fo l lowed by pulse count ing  o r  pu lse h e i g h t  detec- 
t i o n .  

The goal o f  u l t r a h i g h  s e n s i t i v i t y  d e t e c t i o n  i s  impor tant  f o r  
m o n i t o r i n g  t r a c e  elements i n  environmental samples such as 11 and Pu i n  
a i r b o r n e  p a r t i c u l a t e s .  P a r t i c l e s  may c o n t a i n  picogram t o  femtogram 
amounts o f  these elements. I n  o rder  t o  o b t a i n  i s o t o p i c  composi t ion o f  
t h e  U o r  Pu, max imiza t ion  of sampling and d e t e c t i o n  e f f i c i e n c i e s  i s  a 
necessary c o n d i t i o n  f o r  t h i s  type  o f  ana lys is .  



To t h i s  end, a commercial i o n  microprobe mass analyzer  ( I M M A )  has 

been i n t e r f a c e d  w i t h  a tunab le  pu lsed dye l a s e r  f o r  c a r r y i n g  out  
resonance i o n i z a t i o n  mass spect rometry  o f  spu t te red  atoms. The IMMA 

ins t rument  has many advantages f o r  t h i s  work, i n c l u d i n g  a micro-focused 
pr imary  i on  beam ( 2  urn i n  d iameter)  o f  se lec ted  mass, complete sample 
man ipu la t i on  and v iewing c a p a b i l i t y ,  and a double- focus ing mass 
spectrometer f o r  separa t ion  and d e t e c t i o n  o f  t h e  secondary o r  l a s e r -  
generated ions. This  paper w i l l  descr ibe  t h e  changes necessary t o  adapt 
t h e  IMMA inst rument  f o r  resonance i o n i z a t i o n ,  along w i t h  p r e l i m i n a r y  
r e s u l t s  f o r  t h e  elements Sm and IJ. na ta  a re  presented demonstrat ing t h e  
number and type o f  ions formed along w i t h  o p t i c a l  spec t ra l  i n f o r m a t i o n  
showing t h e  wavelengths a t  which resonance i o n i z a t i o n  occurs e 
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2. Exper imental  

2.1. IMMA 

The secondary i o n  mass spectrometer used i n  t h i s  work was 
manufactured by Appl ied Research L a b o r a t o r i e s  (Sunland, CA) and i s  based 
on t h e  design o f  L ieb l .19 I n  essence, t h e  inst rument  i s  two mass 
spectrometers.  I n  t h e  pr imary spectrometer a beam o f  ions generated v i a  
a Duopl asmatron i o n  source i s  acce le ra ted  , mass anal yzed, and focused 
on to  t h e  sur face  o f  i n t e r e s t .  Ions s p u t t e r e d  from the sample sur face  
a r e  d i r e c t e d  i n t o  a double focus ing mass spectrometer where mass analy- 
s i s  i s  accomplished. M o d i f i c a t i o n s  t o  t h e  i o n  e x t r a c t i o n  lens  system, 

which a1 low d i s c r i m i n a t i o n  aga ins t  Liputtered secondary ions w h i l e  a l low-  
i n g  c o l l e c t i o n  of laser-generated ions,  a re  descr ibed i n  a f o l l o w i n g  
s e c t i o n .  For t h i s  work t h e  secondary mass analyzer  was operated a t  mass 
r e s o l u t i o n s  (M/AM)  on t h e  order  o f  200. Pr imary ions were generated by 
u s i n g  a mixed gas c o n s i s t i n g  o f  aFproximately 2 atom % A r ,  34 atom % 
N2 and 64 atom % 02 i n  t h e  duoplasmatron i o n  source. Th is  al lowed 
t h e  s p u t t e r  t a r g e t s  t o  be bombarded w i t h  opera tor -se lec ted  mass analyzed 
i o n  beams o f  Ar+, N2+ o r  02'. 

To f a c i l i t a t e  t h e  i o n  o p t i c a l  changes, t h e  ind ium metal seal ,  used 
t o  a t t a c h  t h e  microscope t o  t h e  s p u t t e r i n g  chamber, was replaced w i t h  a 
l a r g e  v i t o n  O-ring. Th is  prov ided a vacuum-worthy seal t h a t  a l lowed 

removal and replacement o f  t h e  m i c r s c o p e  i n  minutes when access t o  t h e  
s p u t t e r i n g  chamber was des i  red. 

2.2 Laser Source and L i g h t  Opt ics  

The l a s e r  source used i n  t h i s  s tudy was a Chromatix CMX-4 
flashlamp-pumped dye l a s e r  w i t h  a bandwidth o f  approx imate ly  3 cm-I 
and an o p t i c a l  pu lse  w i d t h  o f  about 1 us. A u s e f u l  wavelength range o f  

approx imate ly  580-610 nm was generated w i t h  t h e  Rhodamine-6G dye used i n  
a l l  t h e  experiments. The p u l s e  en3rgy measured d i r e c t l y  a t  t h e  l a s e r  
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outpu t  was about 5 m J  w i t h  the  a v a i l a b l e  energy above t h e  sample su r face  

est imated t o  be from 10-50 t imes less .  A s tepp ing  motor was attached t o  
t h e  micrometer-dr i  ven wave1 ength sel e c t  i o n  mechanism t o  permi t  repro- 

d u c i b l e  spec t ra l  scans t o  be made under computer c o n t r o l .  The wave- 
l e n g t h  c a l i b r a t i o n  was performed by d i r e c t i n g  a p o r t i o n  o f  t h e  l a s e r  
beam i n t o  t h e  bore o f  a N e - f i l l e d  U h o l l o w  cathode lamp and record ing  
i t s  optagal vanic  spectrum. Least-squares regress ion  ana lys i s  o f  t he  
da ta  f o r  known Ne and U wavelengths produced a c a l i b r a t i o n  s lope of 5.39 
- + 0.02 x 10-4 nm-step-1 and a s tandard d e v i a t i o n  o f  t h e  
res idua l  s o f  0.94 nm. 

The l i g h t  o p t i c s  used t o  p o s i t i o n  and focus t h e  l a s e r  beam above 
t h e  sample are  diagrammed i n  F i g u r e  1. The beam was s p a t i a l l y  f i l t e r e d  
and focused t o  approx imate ly  0.05 cm d iameter  spot d i r e c t l y  above t h e  
sample w i t h  a beam expander assembly housing a 10 um p inho le .  The h o r i -  
zon ta l  and v e r t i c a l  p o s i t i o n s  o f  t h e  beam r e l a t i v e  t o  t h e  sample sur face  
were va r ied  by an ad jus tab le  m i r r o r  mount. The e l e v a t i o n  o f  t h e  l a s e r  
beam was lowered t o  a p lane p a r a l l e l  and j u s t  above t h e  sample sur face  
by a per iscope assembly mounted i n  t h e  sample chamber. 

2.3 Signal  Process ing 

P h o t o m u l t i p l i e r  anode pulses produced by i n d i v i d u a l  ions reaching 
t h e  Da ly  de tec to r  were processed by a preamp1 i f i e r / d i s c r i m i n a t o r .  The 
r e s u l t a n t  c o l l e c t i o n  o f  pulses produced by a s i n g l e  l a s e r  shot was i n t e -  
g ra ted  i n t o  a s i n g l e  pu lse  approx imate ly  10 p s  wide by a v a r i a b l e  ga in  
and pulse-shaping a m p l i f i e r  as shown i n  F igu re  2. The ampl i tude o f  t h i s  
pu l se  i s  p ropor t i ona l  t o  t h e  number o f  ions  produced by the  l a s e r  shot. 
The output  pu lse  was sampled by a gated i n t e g r a t o r  t r i g g e r e d  by t h e  sync 
pu lse  from t h e  l a s e r ;  t h e  gate de lay  was adjusted t o  co inc ide  w i t h  t h e  
ou tpu t  pu lse which occurs approx imate ly  30 p s  a f t e r  t h e  l a s e r  sync 
pulse.  The r e s u l t a n t  DC ou tpu t  s igna l  from the  gated i n t e g r a t o r  was 
f u r t h e r  processed by t h e  da ta  system. 
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2.4 Data System 

Data a c q u i s i t i o n  and c o n t r o l  f o r  t h e  experiments were performed by 
an LSI-11/2 microcomputer housing an a n a l o g - t o - d i g i t a l  conver te r  (ADC), 
two d i g i t a l  - to-anal  og conver te rs  (DAC)  , and a 16-bi  t para1 l e 1  I / 0  i n t e r -  
face. The ADC samples t h e  DC outpu t  o f  t h e  gated i n t e g r a t o r  and con- 
v e r t s  i t  i n t o  a d i g i t a l  value. 'The p a r a l l e l  i n t e r f a c e  c o n t r o l s  t h e  
d i r e c t i o n  and speed o f  t h e  s tepp ing  motor a t tached t o  t h e  wavelength 
micrometer d r i v e  o f  the  l a s e r .  The DAC ou tpu ts  d r i v e  an x-y scope f o r  
r e a l - t i m e  d i s p l a y  o f  spec t ra  o f  an x-y p l o t t e r  f o r  p o s t - a c q u i s i t i o n  
record  i ng o f  spectra.  

2.5 Spect ra l  Acqui s i t  i on 

O p t i c a l  data were c o l l e c t e d  as t h e  average o f  15 l a s e r  shots per  
datum, w i t h  a 50-step (%0.027 nm) i n t e r v a l  between data po in ts .  One 
thousand such data p o i n t s ,  corresponding t o  a wavelength range o f  27 nm, 
were c o l l e c t e d  f o r  each o p t i c a l  spectrum. 

Mass s p e c t r a l  data were obta ined by scanning t h e  secondary magnet 
v i a  f r o n t  panel c o n t r o l s  w h i l e  l e a v i n g  t h e  l a s e r  f i x e d  a t  t h e  resonant 
wavelength o f  t h e  des i red  element. Data were acqui red a t  0.2 amu i n t e r -  
v a l s  w i t h  each datum represent ing  t h e  average of 15 l a s e r  shots.  

2.6 Samples 

Samples c o n s i s t i n g  o f  n a t u r a l  U and Sm metal embedded i n  low vapor 
pressure epoxy were p o l i s h e d  u n t i l  a smooth meta l lograph ic  f i n i s h  was 
obta ined.  The c ross-sec t iona l  area of each m e t a l  sample was approx i -  
m a t e l y  0.1 cm2. 
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3. Resu l t s  and D iscuss ion  

3.1 I o n  Op t i cs  

The e x i s t i n g  i o n  e x t r a c t i o n  o p t i c s  o f  t h e  JMMA ins t rument  were 
designed t o  e f f i c i e n t l y  e x t r a c t  spu t te red  secondary ions produced a t  t he  
sample sur face  as shown i n  F i g u r e  3. The sample i s  he ld  a t  a p o t e n t i a l  
o f  +1500V r e l a t i v e  t o  the  e x t r a c t i o t i  e l e c t r o d e  which i s  a t  ground poten- 
t i a l .  The e q u i p o t e n t i a l  sufaces and i o n  t r a j e c t o r i e s  were c a l c u l a t e d  by 
a computer r o u t i n e  SIMION20 ( d e t a i l s  a v a i l a b l e  from the  authors).  
Curva ture  o f  t he  e q u i p o t e n t i a l  surfaces i n  t h e  v i c i n i t y  o f  the pickup 
e l e c t r o d e  r e s u l t s  i n  h i g h l y  e f f i c i e n t  s t e e r i n g  o f  t he  sput te red  second- 
ary ions which e x i t  a t  va ry ing  angles up t o  45" from t h e  normal and wi th 
energies ranging from 0 t o  20 eV. Subsequent energy f i l t e r i n g  by the 
e l e c t r o s t a t i c  sec to r  and mass d i s p e r s i o n  i n  the  magnetic sec to r  r e s u l t  
i n  a convent ional  secondary i o n  mass spectrum. 

F i g u r e  4 shows t h e  r e s u l t  o f  forming t h e  ions above t h e  sample 
su r face  v i a  resonance i o n i z a t i o n  w h i l e  us ing the  same e x t r a c t i o n  o p t i c s  
and cond i t i ons .  These ions are a f f e c t e d  d i f f e r e n t l y  by the  f i e l d  and 
a r e  d e f l e c t e d  t o o  much. Most o f  them s t r i k e  t h e  i n n e r  sur face  o f  t he  
e x t r a c t i o n  e l e c t r o d e  and are los t .  Even those which pass through the  
p i ckup  e l e c t r o d e  w i l l  have t o o  much angular d e v i a t i o n  from t h e  i dea l  45' 
ang le  t o  be refocused by subsequent i o n  lenses. 

For  t h i s  reason, new i o n  o p t i c s  systems were s tud ied  us ing t h e  
SIMION program. One o f  t h e  most sriccessful designs i s  shown i n  F igu re  
5. The o b j e c t i v e  was t o  c r e a t e  a f l a t  e x t r a c t i o n  f i e l d  i n  the  volume 
d i r e c t l y  above t h e  sample surface, w i t h  the  f i e l d  e q u i p o t e n t i a l  surfaces 
i n c l i n e d  a t  t he  des i red  45" ang le  - e l a t i v e  t o  t h e  sample surface, To 
achieve t h i s ,  a "pusher" e l e c t r o d e  was added (shown t o  the  r i g h t  i n  the 
f i g u r e )  and t h e  p ickup e lec t rode  i t s e l f  was s i g n i f i c a n t l y  changed. As 
can be seen, t h e  e q u i p o t e n t i a l  surfaces are r e l a t i v e l y  f l a t  
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i n  t h e  reg ion  between t h e  two e lec t rodes ,  a l though they are  l e s s  so 
d i r e c t l y  above t h e  sample surface. Ions formed i n  t h e  volume element 
shown f o l l o w  a n e a r l y  p e r f e c t  t r a j e c t o r y  through t h e  p ick-up e lec t rode.  
T h i s  f i g u r e  i l l u s t r a t e s  a p o s s i b l e  problem i n  t h a t  ions formed i n  a 
f i n i t e  volume w i l l  exper ience d i f f c r e n t  e x t r a c t i o n  p o t e n t i a l s  and w i l l  
have a spread o f  energies which wou'd s e r i o u s l y  a f f e c t  t h e  throughput o r  
r e s o l u t i o n  o f  t h e  secondary mass spectrometer.  Other e l e c t r o d e  designs 
a r e  being t e s t e d  which should reduce o r  e l i m i n a t e  t h i s  e f f e c t .  

3.2 S e n s i t i v i t y  

The ARL i o n  microprobe i s  recognized as being a s e n s i t i v e  
ins t rument  when operated i n  low mass r e s o l u t i o n  mode (MIAM) - < 200. 
Measurements from a c c u r a t e l y  doped i o n  i m p l a n t a t i o n  standards (e.g., B 

i n  S i )  c o n f i r m  t h i s  h i g h  s e n s i t i v i t y .  For example, w i t h  a p r o p e r l y  
tuned inst rument  i t  i s  t y p i c a l  t o  de tec t  approx imate ly  one R+ i o n  f o r  
each 1000 s p u t t e r e d  R atoms from a Et implanted s i l i c o n  mat r ix .  Our l a b -  
o r a t o r y  has two ARL microprobes and t h i s  prov ided convenient and usefu l  
in tercompar ison.  The probe used i n  t h i s  work ( R I M S )  was a decommis- 
s ioned inst rument  obta ined from another l a b o r a t o r y  and ex tens ive  work 
was r e q u i r e d  t o  get i t s  s e n s i t i v i t . y  up t o  s p e c i f i c a t i o n .  The f i n a l  
des ign o f  t h e  mod i f ied  i o n  e x t r a c t i o n  lens system, which was opt imized 
f o r  laser-generated ions formed above t h e  s p u t t e r i n g  sur face,  gave a 
s e n s i t i v i t y  f o r  spu t te red  ions t h a t  was about 10% as e f f i c i e n t  as t h e  
o r i g i n a l  i o n  o p t i c s  opt imized f o r  spu t te red  ions.  

4n impor tant  f e a t u r e  o f  t h e  io? microprobe inst rument  used i n  t h i s  
s tudy  i s  t h e  a b i l i t y  t o  use d i f f e r e n t  s p u t t e r i n g  species under c l o s e l y  
s i m i l a r  c o n d i t i o n s .  IJsing an 02/RZ/Ar gas m i x t u r e  i n  t h e  duoplasma- 
t r o n  i o n  source a1 lows t h e  i n v e s t i g a t o r  t o  r a p i d l y  s e l e c t  s p u t t e r i n g  
beams o f  02+, N2+, and A r f .  S tud ies o f  t h e  resonance i o n i z a -  
t i o n  s i g n a l s  obta ined us ing each o f  these bombarding species on U and Sm 

t a r g e t s  revealed t h a t  A r C  was a f a c t o r  of 10-20 t imes m r e  e f f i c i e n t  
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a t  producing spu t te red  atoms i n  t h e  ground s t a t e  than 02' o r  
N2+. This  r e s u l t  i s  i n  q u a l i t a t i v e  agreement w i t h  t h a t  o f  Kimock, 
e t  a l . l 8  i n  which t h e  popu la t i on  o f  ground s t a t e  atoms i n  t h e  sput- 
t e r  plume drops as oxygen exposure increases ( f o r  Ar+ bombardment). 
More q u a n t i t a t i v e  measurements o f  t h i s  e f f e c t  w i l l  be t h e  sub jec t  o f  
f u t u r e  s tud ies .  

The i o n  bundle produced i n  a s i n g l e  l a s e r  pu lse (nomina l l y  1 Us 

l o n g )  was found t o  be 3 - + 1 1.1s wide a t  t h e  de tec to r  f o l l o w i n g  a de lay  o f  
23 LIS ( f o r  Sm) o r  30 11s ( f o r  U )  due t o  t i m e - o f - f l i g h t  through t h e  sec- 
ondary mass spectrometer. The number o f  ions i n  each bundle cou ld  be 
counted us ing  a f a s t  o s c i l l o s c o p e  t o  mon i to r  t h e  output  o f  t h e  i o n  mul- 
t i p l i e r  p r e a m p l i f i e r .  I n d i v i d u a l  ions produced a s igna l  o f  approx i -  
mate ly  1 V ampl i tude,  w i t h  a 20 ns width.  Rundles w i t h  l e s s  than 50 

ions  a l lowed r e l i a b l e  count ing  o f  t h e  ac tua l  number o f  ions from the 

o s c i l l o s c o p e  t race ;  those w i t h  more than 100 ions  cou ld  not  be counted 
w i t h  acceptable p rec i s ion .  An est imate  o f  t h e  number o f  ions i n  such 
l a r g e  pulses cou ld  he obta ined by measuring a number o f  i n d i v i d u a l  
pu lses w i t h  the  gated in tegrator /ADC system. From t h e  r e l a t i v e  standard 
d e v i a t i o n  o f  these measurements, t h e  number o f  ions per  pu lse  cou ld  be 
deduced from t h e  r e l a t i o n s h i p :  

$R 
n 

RSD - 

where n i s  t h e  t o t a l  number of ions c o l l e c t e d .  The l a r g e s t  s igna ls  
ob ta ined f o r  238U us ing A r +  bombardment were c a l c u l a t e d  t o  have 
> 100 i o n s  per  pu lse  w h i l e  those f o r  152Sm were found t o  have 40 
i ons  per pulse. It i s  a lso  impor tan t  t o  no te  t h a t  t h e  background s igna l  
from sput te red  secondary ions was ext remely low due t o  the  t ime  ga t ing  
o f  the  d e t e c t i o n  system and t h e  reg ion  o f  i n n  fo rmat ion  d i s c r i m i n a t i o n  
o f  t he  mod i f i ed  i o n  e x t r a c t i o n  e lec t rode.  



17 

An es t imate  o f  t h e  sampling e f f i c i e n c y  can be obtained from t h e  
c o n d i t i o n s  which gave > 100 U+ ior is per  l a s e r  pulse.  The c u r r e n t  o f  
A r +  i o n s  i n c i d e n t  on t h e  sur face  was ill na, o r  1.3 x 1011 
ions-sec- l .  However, due t o  t h e  pulsed na ture  o f  t h e  l a s e r ,  o n l y  a 
smal l  f r a c t i o n  o f  t h i s  c u r r e n t  was e f f e c t i v e  i n  producing U atoms f o r  
t h e  resonance i o n i z a t i o n  process. Th is  f r a c t i o n  i s  determined by t h e  
average t r a n s i t  t i m e  o f  atoms through t h e  l a s e r  volume ( f o r  shor t  dura- 
t i o n  l a s e r  pu lses)  o r  by t h e  ac tua l  l e n g t h  o f  t h e  l a s e r  pu lse ( f o r  pu lse  
l e n g t h s  o f  - > 100 ns) .  The above argument assumes a 0.1-0.01 cm l a s e r  
beam diameter  and an average k i n e t - i c  energy o f  10 eW f o r  t h e  U atoms. 
I n  t h e  case repor ted  here, t h e  nominal l a s e r  pu lse d u r a t i o n  was 1 us,  

which means t h a t  1.3 x 105 A r +  io i i s  i n c i d e n t  on t h e  sur face  r e s u l t e d  
i n  > 100 U+ i o n s  being detected. Therefore,  t h e  gross e f f i c i e n c y  o f  
t h e  sput ter ing-resonance i o n i z a t i o n  process was 1 i o n  detected f o r  every 
1300 A r +  i o n s  s t r i k i n g  t h e  sample. To e s t i m a t e  t h e  e f f i c i e n c y  i n  
terms o f  U+ i o n s  detected as a f u n c t i o n  o f  U atoms sput te red  would 
r e q u i r e  a knowledge o f  t h e  s p u t t e r  y i e l d  f o r  U under t h e  c o n d i t i o n s  o f  
t h i s  study. Such measurements, though d i f f i c l t ,  are being pursued i n  
o r d e r  t o  d e f i n e  t h e  degree o f  improvement necessary t o  reach t h e  goal o f  
1 i o n  detected f o r  every 50 atoms Sn t h e  sample. The l a r g e s t  expected 
g a i n  i n  e f f i c i e n c y  should r e s u l t  from use o f  a l a r g e r ,  more powerful  
l a s e r  beam t o  s a t u r a t e  t h e  resonance i o n i z a t i o n  process over a l a r g e r  
volume o f  t h e  s p u t t e r  plume. 

3.3 O p t i c a l  Spectra 

F i g u r e  6 shows t h e  o p t i c a l  i o n i z a t i o n  spec t ra  o f  Sm over  t h e  
wavelength range 580-607 nm. The t o p  spectrum was obtained us ing sput-  
t e r  a tomiza t ion ,  w h i l e  t h e  lower  spectrum r e s u l t e d  from heated thermal 
f i l a m e n t  a tomiza t ion  ( a t  1500OC) taken under c o n d i t i o n s  s i m i l a r  t o  Ref. 
2. The peaks observed f o r  s p u t t e r  a tomiza t ion  match q u i t e  c l o s e l y  w i t h  
those from thermal a tomiza t ion ,  w i t h  t h e  except ion  o f  t h e  l i n e  a t  580.16 

nm . This  l i n e  i s  absent from t h e  upper spectrum because 
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o f  reduced bandwidth i n  t h e  Rye ou tpu t  spectrum due t o  lower power. The 

remainder o f  t h e  spec t ra l  range was adequately covered as can be seen by 
t h e  c lose  match i n  r e l a t i v e  i n t e n s i t y  of  t h e  l i n e s .  

Table 1 shows the  i n t e r p r e t a t . i o n  o f  t he  l i n e s  found w i t h  s p u t t e r  
a tomiza t ion .  I n  a l l  cases, t h e  l i n e s  o r i g i n a t e  i n  t h e  ground s t a t e  
7Fn m a n i f o l d  o f  Sm, w i t h  a d i s t r i b u t i o n  of  s t a t e s  resembling t h a t  o f  
t h e  thermal a tomiza t i on  process a t  1500OC. The apparent ground s t a t e  
o r i g i n a t i n g  l i n e  a t  599.11 nm i s  enhanced i n  the  s p u t t e r i n g  case r e l a -  
t i v e  t o  two l i n e s  o r i g i n a t i n g  from the  7F3 l e v e l  a t  587.69 nm and 
602.81 nm. Th is  i n d i c a t e s  a lower " temperature" of  t h e  atoms produced 
by s p u t t e r i n g ,  a l though i n  t h e  absence of l o c a l  thermal e q u i l i b r i u m ,  t h e  
ground s t a t e  may be enhanced by decay of h i g h l y  exc i ted  species a sho r t  
t i m e  a f t e r  t h e  s p u t t e r i n g  event, b u t  before t h e  i o n i z i n g  l a s e r  i s  turned 
on. 

The l i n e s  observed f o r  Sm a t  these wavelengths can o n l y  r e s u l t  from 

a s i n g l e - c o l o r  t h r e e  photon process. The i o n i z a t i o n  energy2l o f  Sm 
i s  45519 cm-l compared t o  t h e  energy range o f  t h e  photons used 
(16500-17200 cm- l ) .  Provided t h a t  t h e  i n t e r p r e t a t i o n  i n  Table D2 i s  
c o r r e c t ,  t he  absorp t ion  o f  two photons would r e s u l t  i n  s t a t e s  which are 
7000-12000 cm-l below t h e  i o n i z a t i o n  energy. A t h i r d  photon absorp- 
t i o n  i s  t h e r e f o r e  requ i red  be fo re  - 0 n i z a t i o n  would r e s u l t .  The sharp 
l i n e  na tu re  o f  t h e  peaks observed s t r o n g l y  suggests t h a t  resonant 
abso rp t i on  occurs f o r  t h e  f i r s t  two photons, proceeding through a1 lowed 
upper energy l e v e l s  about which no th ing  has been publ ished. This  a lso  

resembles t h e  case f o r  t h e  a c t i n i d e  elements descr ibed i n  another 
repor t22 .  

F i g u r e  7 shows the spec t ra  o f  11 taken under cond i t i ons  s i m i l a r  t o  
those f o r  Sm. The agreement between s p u t t e r  a tomiza t i on  and thermal 
a tomiza t i on  i s  e x c e l l e n t .  The i n t e r p r e t a t i o n  o f  the l i n e s  i n  the  
thermal spectrum can be found elsewhere.22 The two l a r g e s t  l i n e s  
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Table 1. I n t e r p r e t a t i o n  of Sm Spect ra l  L ines  
Using Spu t te r  A tomiza t ion  

Observed SDectral Features 

(nm) 

586.67 

587.46 

587.69 

589.69 

590.53 

593.71 

599.11 

602.81 

Wave1 ength 

I n t e n s i t y  

w 

M 

M 

M 

M 

w 

s 

s 

(cm- l )  

17049.4 

17017.5 

1701 9.9 

16953.2 

16929 .O 

16838.4 

16686.6 

16584.2 

I n t  e r u r e t a t  i on21 

- 
Te rrn E2 Wavelength El 

( nm) 

586.62 

587.42 

587.59 

590 .OO 

589.52 

590.60 

593.69 

598.96 

602.74 

602.71 

(cm-l ) 

7 4021-21063 F6 - H: 

7 812-17831 F2 - 'F; 

1490-18503 7 F3 - 5G: 

812-17770 7F2 - ( ) 1  

13458-30416 904 - 5 H i  

1490-18417 7F3 - ( ) 2  

7 7 130 1490-18329 F3 - 

0-16691 'F - 7 D y  
0 

1490-18076 7F3 - 

5f0 
6 

3725-19712 7F5 - 
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F ig .  7. O p t i c a l  i o n i z a t i o n  s p e c t r a  of 238U atoms produced by i o n  
beam s p u t t e r i n g  ( t o p )  and thermal  f i l a m e n t  a t o m i z a t i o n  ( b o t t o m )  
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a t  591.54 nm and 596.92 nm are  be l i eved  t o  a r i s e  from t h e  5LOg 

ground s t a t e  and t h e  (620 cm-I) s t a t e ,  respec t i ve l y .  
Again, a three-photon resonant process i s  invoked us ing s i n g l e - c o l o r  
e x c i t a t i o n  ( w i t h i n  t h e  bandwidth of  t h e  l a s e r ,  3 cm-1). The r a t i o s  
o f  t h e  two s t ronges t  l i n e s  i n  each case are  not  s i g n i f i c a n t l y  d i f f e r e n t ,  
thus  t h e  "temperature" o f  t h e  spu t te red  atoms can be compared t o  t h a t  o f  
t h e r m a l l y  produced atoms a t  1800'C. 

3.4 Mass SDectra 

I t  was of i n t e r e s t  t o  know what o the r  i o n i c  species are produced by 
t h e  l a s e r  beam. Therefore, mass spec t ra  were scanned over t h e  mass 
range 0-300 amu near t h e  resonant wavelengths for  U and Sm. F i g u r e  8 
shows t h e  r e s u l t s  f o r  Sm over  a sma l le r  mass reg ion  s ince  no o t h e r  peaks 
were found ou ts ide  o f  t h i s  range. A t  t h e  resonant wavelength o f  602.72 
nm, t h e  Smt peaks are  observed i n  t h e  expected i s o t o p i c  abundances 
between masses 144 and 154. A t  h ighe r  mass, t h e  SmO' peaks appear 
w i t h  almost equal i n t e n s i t y  i n  s p i t e  o f  t h e  f a c t  t h a t  A r t  was t h e  ban- 

bard ing  species. In f a c t ,  t h e  SmO+ peaks occur a t  a l l  wavelengths 
produced by t h e  dye l a s e r ,  i n d i c a t i n g  a non-resonant i o n i z a t i o n  process. 
As an example, t h e  top  spectrum i n  F igu re  8 shows t h e  e f f e c t  o f  detuning 
t h e  l a s e r  0.2 nm, r e s u l t i n g  i n  t h e  disappearance o f  t h e  Smt s i gna l  
w i t h  no change i n  t h e  SmOt i n t e n s i t y .  

F igu re  9 shows s i m i l a r  r e s u l t s  f o r  U a t  591.54 and 591.30 nrn. The 
U+ s igna l  i s  sha rp l y  tunable,  w h i l e  t h a t  o f  UO" and U0zt i s  not .  
These r e s u l t s  suggest t h a t  res idua l  oxygen i s  i n t e r a c t i n g  w i t h  t h e  
sample t o  produce metal ox ide  species which are  sput te red  and ionized by 
the  l a s e r  i n  a non-resonant process. The S I M S  spec t ra  o f  these meta ls  
under A r +  bombardment a l s o  show s t rong Mot and MOzt peaks. The 
observed MOt formed by l a s e r  i o n i z a t i o n  may r e s u l t  from one o r  more o f  

t h e  fo l  1 owi ng processes : 
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24 

ORNL- D W G  84-15516 

591.30 nm 

591.54 nm 

F i g .  9. Mass spectra o f  U produced by laser  i o n i z a t i o n  a t  591 .30 rim 
( t o p )  and 591 .54 nrn (bot tom) 
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i- 
MO - - - (hv) - - - > MO + 0- d i s s o c i a t i v e  

i o n i z a t i o n  2 

T h i s  phenomenon w i l l  be t h e  sub jec t  of f u r t h e r  study. 

3.5 Fu ture  Studies I_ 

Future  work w i l l  i n v o l v e  r e f i r e m e n t s  o f  t h e  i o n  o p t i c a l  system t o  
o b t a i n  h i g h e r  e x t r a c t i o n  and t ransmiss ion  e f f i c i e n c y  o f  t h e  l a s e r  gen- 
e r a t e d  ions.  The use of pulsed i o n  beam s p u t t e r i n g  i s  being pursued i n  
o r d e r  t o  maximize t h e  e f f i c i e n c y  of atom product ion.18 In a d d i t i o n ,  
a more powerful  l a s e r  system i s  be ing acqui red t o  produce sa tura ted  res-  
onance i o n i z a t i o n  over a l a r g e r  vclume. I n v e s t i g a t i o n s  o f  d i f f e r e n t  
sample types w i l l  i n v o l v e  use of r e s i n  beads and small p a r t i c l e s  of  Sm 
o r  U o x i d e s ,  t o  t e s t  t h e  c a p a b i l i t y  o f  t h e  technique f o r  measuring r e a l -  
1 i f e  samples. 
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