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ABSTRACT 

A series of experiments w e r e  performed i n  which a popula t ion  of 

f r e e  cesium atoms w a s  c r e a t e d  by pho tod i s soc ia t ion  and then de tec t ed  by 

photo ioniza t ion .  Two pulsed lasers  i n  a c o a x i a l  geometry were employed. 

The f i r s t  laser photodissoc ia ted  c e s i u m  iod ide  molecules wi th  a pu l se  of 

u l t r a v i o l e t  photons and is  c a l l e d  t h e  source  laser. The second laser, 

us ing  a technique known as resonance i o n i z a t i o n  spectroscopy,  photo- 

ion ized  t h e  cesium atoms wi th in  i t s  beam and is  c a l l e d  t h e  d e t e c t o r  

laser. 

p l a t e  i o n i z a t i o n  gas c e l l  f i l l e d  wi th  argon.  The i o n i z a t i o n  t h a t  

occurred wi th in  a c y l i n d e r  def ined  by t h e  laser beam and the  guarded 

i o n i z a t i o n  p l a t e  w a s  c o l l e c t e d  and measured f o r  each pulse .  

The laser  beams passed through t h e  c e n t e r  of a s imple p a r a l l e l  

Study of t h e  i o n i z a t i o n  y i e l d  as a func t ion  of d e t e c t o r  laser 

i n t e n s i t y  i n d i c a t e s  t h e  process  can be s t r o n g l y  s a t u r a t e d ;  t h a t  i s ,  a l l  

of t h e  cesium atoms wi th in  t h e  i o n i z a t i o n  cy l inde r  can be ionized.  

Study of t h e  d i s s o c i a t i o n  process  wi th  a focused and thus  extremely 

i n t e n s e  source  pu l se  i n d i c a t e s  t h a t  i n  t h e  c e n t r a l  p o r t i o n  of t h e  beam 

t h i s  process  i s  a l s o  s a t u r a t e d .  These r e s u l t s ,  combined wi th  a p r e -  

v ious ly  demonstrated a b i l i t y  t o  d e t e c t  s i n g l e  atoms o f  cesium, prove t h e  

a b i l i t y  t o  d e t e c t  s i n g l e  molecules of cesium iodide .  

S a t u r a t i o n  of t h e  d i s s o c i a t i o n  process  provides  a measure of t h e  

cesium i o d i d e  concen t r a t ion .  By s tudying  r e l a t i v e  i o n i z a t i o n  as a 

func t ion  of photons p e r  p u l s e  of t h e  source  laser,  and by account ing 

f o r  t h e  laser beam i n t e n s i t y  p r o f i l e ,  i t  w a s  p o s s i b l e  t o  determine the  

a b s o l u t e  c r o s s  s e c t i o n  f o r  pho tod i s soc ia t ion  of cesium iod ide  i n t o  i t s  
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ground-state  atomic: c o n s t i t u e n t s .  Knowledge of t h e  vapor p r e s s u r e  of 

cesium i o d i d e  w a s  not  r equ i r ed ,  t hus  obv ia t ing  t h e  t a s k  of  cons t ruc t ing  

an i so thermal  s a t u r a t e d  vapor p re s su re  ce1.l. Absolute c r o s s  s e c t i o n s  

f o r  pho tod i s soc ia t ion  of C s I  as a func t ion  of wavelength are r epor t ed .  

'The d i s s o c i a t i o n / i o n i z a t i o n  technique has  an e x c e l l e n t  s igna l - to-  

n o i s e  r a t i o  even i n  a s imple p a r a l l e l - p l a t e  i o n i z a t i o n  chamber. By 

s a t u r a t i n g  t h e  i o n i z a t i o n ,  s i g n a l  dependence on b u f f e r  gas  p re s su re  or 

d e t e c t o r  laser i n t e n s i t y  is e l imina ted .  Furthermore,  t h e  i o n i z a t i o n  

pu l se  ampli tude is  l i n e a r l y  r e l a t e d  t o  t h e  a b s o l u t e  number of cesium 

atoms in t h e  i o n i z a t i o n  beam. Therefore ,  t h e  decay i n  number of f r e e  

cesium atoms wi th in  t h e  i o n i z a t i o n  c y l i n d e r  can be followed f o r  many 

o r d e r s  of magnitude, 

IJsing a t i g h t l y  focused smirce laser ,  f r e e  cesium atoms w e r e  

c r e a t e d  along t h e  a x i s  of t h e  i o n i z a t i o n  cy l inde r .  The funct.ioaia1 form 

of d i f fus i -on  t r a n s p o r t  o u t  of t h e  c y l i n d e r ,  account ing a l s o  f o r  r e a c t i o n s  

wi th  h p u t - i t  i es ,  i s  e a s i l y  calcul.ated.  Di f fus ion  t r a n s p o r t  w a s  found t o  

domina2:e t h e  decay of cesium atoms ou t  of t h e  i o n i z a t i o n c y l i n d e r  a t  

argon p res su res  below 100 t o r r .  The e x t r a c t i o n  of a d i f f u s i o n  

c o e f f i c i e n t  w a s  then  accomplished r a t h e r  d i r e c t l y  by d a t a  f i t t i n g .  The 

d i f f u s i o n  c o e f f i c i e n t  of cesium i n  argon w a s  found t o  be 0.12 - 3 0.03 

c m  -sec a t  a tmospheric  p re s su re .  More convent iona l  techniques f o r  t h e  

deterrninat:ion of d i f f u s i o n  c o e f f i c i e n t s  r e q u i r e  t h e  gaseous components 

t o  be i n e r t  and noncondensing a t  t h e  con ta ine r  wal.1.s. However, i n  t h e  

p re sen t  s tudy  t h i s  requirement w a s  r e l axed  because d i f f u s i o n  w a s  

observed on a mi l l i s econd  t i m e  scale f a r  from t h e  w a l . l s  of the c-ounter. 

2 -1 
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The r e a c t i o n  of cesium w i t h  oxygen was observed by adding s m a l l  

partial pres su res  of oxygen t o  t h e  argon b u f f e r  gas.  

w e r e  s e l e c t e d  s o  t h a t  t h e  r e s u l t i n g  reactive decay occurred on a micro- 

second t i m e  scale. The d i f f u s i o n  processes  had a n e g l i g i b l e  in f luence  

on t h e  t i m e  dependence of t h e  cesium decay. A three-body r e a c t i o n  ra te  

of ( 7 . 5  - + 0.7) x s e c  - p a r t i c l e  -cm w a s  determined. This  ra te  

is  a p p r o p r i a t e  t o  argon p res su res  as high as 100 t o r r .  The i o n i z a t i o n  

c y l i n d e r  temperature  w a s  325 K. 

Oxygen p res su res  

-1 -2 6 





SECTION 1 

INTRODUCTION 

Resonance i o n i z a t i o n  spec t roscopy (RIS) i s  a h igh ly  s e n s i t i v e  

technique  f o r  t h e  measurement of a b s o l u t e - p o p u l a r i o n s  of a tomic 

s p e c i e s .  I n  i t s  s i m p l e s t  form, R I S  is  accomplished by  e x c i t i n g  atoms 

of t h e  d e s i r e d  s ta te  t o  a n  i n t e r m e d i a t e  s t a t e  by a b s o r p t i o n  of a photon 

from a laser tuned t o  t h i s  t r a n s i t i o n  wavelength.  Absorpt ion of a n  

a d d i t i o n a l  photon from t h e  same laser  can promote t h e  in t e rmed ia t e  , 

s t a t e  t o  t h e  i o n i z a t i o n  continuum. I f  a h igh  i n t e n s i t y  pu l sed  laser 

is  used, all of t h e  atoms of t h e  d e s i r e d  s t a t e  can be yhotoionized.  

The r a t e  l i m i t i n g  s t e p  i n  t h i s  c a s e  is  t h e  i o n i z a t i o n  p r o b a b i l i t y  of 

t h e  e x c i t e d  s t a t e .  

The f i r s t  use  of RIS w a s  a measurement of the a b s o l u t e  popula t ion  

1 of me tas t ab le  l I ~ 2 ( 2 ~ S )  fo l lowing  e x c i t a t i o n  w i t h  a pro ton  p u l s e  . 
Each He(21S) was e x c i t e d  t o  He(3lP) and then ion ized  by a pulsed  laser 

tuned t o  5015 A. To o b t a i n  pho to ion iza t ion  s a t u r a t i o n ,  a photon f luence  

of 2 .5  X 1018 photons pe r  cm2 per p u l s e  was necessary .  

i o n i z a t i o n  k i n e t i c s  can be  a g r e a t  d e a l  more compl ica ted  t h a n  descr ibed  

s o  far.  

f u n c t i o n  of p r e s s u r e  i n d i c a t e d  t h a t  a t  p r e s s u r e s  of greater than 15 

0 

The actual 

I n  t h e  c a s e  of He(21S), s tudy  o f  t h e  i o n i z a t i o n  y i e l d  as a 

t o r r ,  co l l i s ion - induced  a s s o c i a t i v e  i o n i z a t i o n  of t h e  H e (  3 l P )  state 

occurred  and s a t u r a t i o n  of  i o n i z a t i o n  could be produced a t  lower power 

l e v e l s .  
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Recent work demonstrated t h e  a b i l i t y  t o  d e t e c t  s i n g l e  atoms 

3 9 4  of cesi.um w i t h  the.'R%S technique  . I n  t h i s  experiment ,  cesium 

atoms were vola t i l i . zed  from a source  and allowed t o  d i f f u s e  i n t o  a 

p r o p o r t i o n a l  counter  f i l l e d  w i t h  P10 gas  (98% argon and 10% methane). 

The coun te r  w a s  coupled t o  l o w  n o i s e  e l e c t r o n i c s ,  p rov id ing  a system 

s e n s i t i v e  t o  a s i n g l e  f r e e  e l e c t r o n .  A pulsed  laser tuned t o  4555A 

was used t o  e x c i t e  t o  t h e  72P 

w i t h i n  a beam volume of  5 X l0-*em3. 

0 

l e v e l  and then i o n i z e  a l l  t h e  cesium 

The cesium source  s t r e n g t h  w a s  
312 

reduced u n t i l  one cesium i o n i z a t i o n  event  was counted pe r  twenty 

l a s e r  p u l s e s ,  i n d i c a t i n g  t h e  average  concen t r a t ion  t o  be much less 

than  one atom. T h i s  experiment a l s o  demonstrated t h e  high s e l e c t i v i t y  

o f  t h e  RIS process  when i t  is  cons idered  t h e  i o n i z a t i o n  volume conta ined  

1017 atoms and molecules  of count ing  gas .  

Because of energy l e v e l  spac ings ,  most elements cannot be 

r e a d i l y  ion ized  by a s imple s ing le - l a se r  two-photon process  i n  s p i t e  

of t h e  a v a i l a b i l i t y  of pulsed 

v i o l e t ,  v i s i b l e ,  an.d i n f r a r e d  

lasers can be used t o  promote 

lasers wi th  tunable  ou tpu t s  i n  the  u l t r a -  

spectral .  r eg ions  . However, mu l t ip l e  

two o r  more resonant  s t eps .  I n  a d d i t i o n ,  

5 

r ecen t  work i n d i c a t e s  that multi-photon resonant  t r a n s i t i o n s  followed 

by i o n i z a t i o n  can be s a t u r a t e d  wi th  c u r r e n t l y  a v a i l a b l e  laser systems . 
Therefore ,  R I S  techniques could be appl ied  t o  a s i z a b l e  f r a c t i o n  of t h e  

p e r  i o d i c  t a b l e .  

6 

During t h e  course of t h e  cesium R I S  w o r k  i t  became d e s i r a b l e  t o  

ga in  some knowledge of the t r a n s p o r t  and decay of cesium vapor i n  a 

typical .  gas atmosphere.  Sys temat ic  s t u d i e s  were n o t  found o f  cesium 
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r e a c t i v i t y  a p p r o p r i a t e  t o  t h e  c o n d i t i o n s  encountered i n  t h e  one- 

atom experiments.  The re fo re ,  t h i s  work w a s  undertaken t o  develop a 

s imple  method t o  determine r e a c t i o n  rates of c e s i u m  vapor w i t h  t y p i c a l  

coun t ing  gas  i m p u r i t i e s  such a s  oxygen. S ince  t h e  RLS t echn ique  

p rov ides  a n  e x c e l l e n t  method € o r  monitor ing t h e  atomic cesium popu- 

l a t i o n ,  a l l  t h a t  w a s  r e q u i r e d  w a s  a means of i n t r o d u c i n g  cesium i n t o  

a known amount of impur i ty  w i t h i n  t h e  R I S  l aser  beam. 

Absorpt ion of u l t r a v i o l e t  l i g h t  h a s  long been known t o  cause 

d i s s o c i a t i o n  of a d i a tomic  a l k a l i - h a l i d e  molecule i n t o  i ts atomic 

c o n s t i t u e n t s  7 ’ 8 .  The dominant f e a t u r e  of a l k a l i - h a l i d e  absorption is 

a series of broad con t inua .  S t a r t i n g  on t h e  long wavelength s i d e ,  t h e  

f i r s t  continuum i s  I n t e r p r e t e d  as r e s u l t i n g  i n  e x c i t a t i o n  t o  an 

in t e rmed ia t e  molecular e x c i t e d  state which d i s s o c i a t e s  i n t o  ground s t a t e  

atoms. Absorpt ion con t inua  f u r t h e r  i n t o  t h e  u l t r a v i o l e t  are due to  

d i s s o c i a t i o n  h t o  p a r t i c u l a r  e x c i t e d  s ta tes  of e i t h e r  the alkali o r  

h a l i d e  atoms. S t u d i e s  of t h e  shape of t h e  a b s o r p t i o n  con t inua  r e s u l t e d  

i n  e s t i m a t e s  of t h e  e x c i t e d  molecular  p o t e n t i a l s  9,LO,ll 

The t echn ique  5f u s i n g  p h o t o d i s s o c i a t i o n  t o  create a populat ion 

12 
of atoms i n  a r e a c t i v e  atmosphere w a s  f i r s t  used by Te ren in  . H e  

s t u d i e d  t h e  r e a c t i o n  of sodium w i t h  i o d i n e  vapor.  More r e c e n t l y ,  the  

same technique has  been used t o  s t u d y  s e v e r a l  a l k a l i  metal r e a k t i o n s  

13,14 w i t h  ha logens  

In t h i s  s t u d y ,  cesium i o d i d e  i n  t h e  presence of a b u f f e r  gas was 

d i s s o c i a t e d  w i t h  a pu l sed  u l t r a v i o l e t  laser ,  which w i l l  b e  r e f e r r e d  to 

as t h e  sou rce  laser.  Th i s  c r e a t e d  a popu la t ion  of atoms a t  a w e l l  
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defined t i m e  and i n  a compact, w e l l  def ined ,  volume. 

laser ,  w i th  a beam t h a t  completely surrounded t h a t  of t h e  f i r s t ,  

photoionized t h e  cesium a f t e r  a known t i m e  delay.  This  laser w i l l  be 

r e f e r r e d  t o  as t h e  d e t e c t o r  laser. It was determined t h a t  f o r  s h o r t  

t i m e  de l ays ,  a l l  of t h e  cesium atoms were e a s i l y  ionized.  When focused, 

A second pulsed 

t h e  source  laser generated an extremely i n t e n s e  f luence ,  

f o r  t h e  beam i n t e n s i t y  p r o f i l e  i t  w a s  shown t h a t  a l l  of t h e  molecules 

i n  t h e  c e n t r a l  p o r t i o n  of t h e  beam can be d i s s o c i a t e d  and de tec ted .  

Besides proving t h e  f e a s i b i l i t y  of single-molecule d e t e c t i o n ,  t h i s  

enabled a de termina t ion  of t h e  abso lu te  pho tod i s soc ia t ion  c r o s s  s e c t i o n  

as a func t ion  of wavelength. No independent kiiowl-edge of the number 

d e n s i t y  of cesium iod ide  molecules was requi red .  

By account ing 

Gas d i f f u s i o n  s t u d i e s  have been t h e  s u b j e c t  of cons ide rab le  

16 i n t e r e s t  i n  t h e  p a s t  l5 and are a l s o  of c u r r e n t  i n t e r e s t  

Convent ional  techniques  f o r  measuring d i f f u s i o n  c o e f f i c i e n t s  r e q u i r e  

t h e  gas  c o n s t i t u e n t s  t o  be i n e r t  and non-condensing at t h e  w a l l s  of 

t h e  c o n t a i n e r  v e s s e l .  For many materials these. c o n d i t i o n s  can only  be 

achieved a t  h igh  tempera tures  and a r e  d i f f i c u l t  even then ,  Condensable 

systems r e q u i r e  spec ia l  approaches so  t h a t  d i f f u s i o n  can be s tud ied  far  

from c o n t a i n e r  w a l l s .  Because of t h i s ,  t h e r e  a r e  few measurements o f  

a l k a l i  m e t a l  d i f f u s i o n  i n  gases .  

. 

I n i t i a l  s t u d i e s  of t h e  t ime decay of t h e  cesium s i g n a l  a t  low 

argon p r e s s u r e s  i n d i c a t e d  a non-exponential  decay. 

w i t h  a d i f f u s i o n  mechanism t r a n s p o r t i n g  cesium atoms o u t  of the laser 

beam. Therefore ,  i t  w a s  d e s i r e d  t o  conduct f u r t h e r  experilllents u s i n g  

This  was c o n s i s t e n t  
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a t i g h t l y  focused sarurce beam, p a s s i n g  a long  t h e  a x i s  of t h e  d e t e c t o r  

beam. The t h e o r e t i c a l  behavior  of t h i s  s i m p l e  geometry accoun t ing  for 

d i f f u s i o n  and r e a c t i o n  is e a s i l y  c a l c u l a t e d .  A d i f f u s i o n  C o e f f i c i e n t  

can t hen  be e x t r a c t e d  by d a t a  f i t t i n g .  If r e a c t i v e  decay is d u e  to  

i m p u r i t i e s  c o n s t i t u t i n g  a fixed percen tage  of t h e  b u f f e r  g a s ,  then two- 

body r e a c t i o n  ra tes  will s c a l e  l i n e a r l y  wi th  p r e s s u r e  and three-body 

r e a c t i o n  ra tes  w i l l  s c a l e  q u a d r a t i c a l l y .  Also,  t h e  d i f f u s i o n  

c o e f f i c i e n t  w i l l  s c a l e  i n v e r s e l y  with p r e s s u r e .  A t  low p r e s s u r e s  i t  

is conce ivab le  t h a t  decay due t o  d i f f u s i o n  would b e  s u f f i c i e n t l y  r a p i d  

t h a t  a l l  o t h e r  processes can be neg lec t ed .  E x t r a c t i o n  of a d i f f u s i o n  

c o e f f i c i e n t  would t h e n  be  q u i t e  d i r e c t .  

F i n a l l y ,  s tudy  of t h e  r e a c t i o n  of cesium and oxygen w a s  undertaken. 

Small p a r t i a l  p r e s s u r e s  of oxygen were added to t h e  argon b u f f e r  gas .  

The r e s u l t i n g  t i m e  decays were s u f f i c i e n t l y  f a s t  t h a t  d i f f u s i o n  l o s s e s  

w e r e  completely n e g l i g i b l e .  A three-body r e a c t i o n  r a t e  f o r  t h i s  system 

was ob ta ined .  
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SECTION 2 

EXPERIMENTAL NETHOD 

2 . 1  A Concept of t h e  Experiment 

The experimental  arrangement (Figure 1) u t i l i z e s  a parallel  p l a t e  

i o n i z a t i o n  chamber mounted i n s i d e  an i n e r t  gas  ce l l .  Cesium iodide  

vapor i s  generated by hea t ing  a sample cup p l a t ed  wi th  C s I  c r y s t a l s  

beneath t h e  i o n i z a t i o n  p l a t e s  and al lowing t h e  vapor t o  d i f f u s e  through 

t h e  b u f f e r  gas  i n t o  t h e  a c t i v e  volume. 

ob ta ined  from a frequency-doubled tunable  dye laser  is  passed through 

t h e  c e n t e r  of  t h e  i o n i z a t i o n  reg ion .  This  UV p u l s e  gene ra t e s  n e u t r a l  

a tomic cesium v i a  t h e  pho tod i s soc ia t ion  process  and is r e f e r r e d  t o  i n  

t h e  t e x t  as t h e  sou rce  beam. After a known t i m e  de l ay ,  a second 

laser  beam of much l a r g e r  d iameter  is  pulsed  through t h e  c e l l  along t h e  

same a x i s  as t h e  f i r s t .  T h i s  second laser i s  tuned t o  i o n i z e  Cs t o  

s a t u r a t i o n ,  and is c a l l e d  t h e  d e t e c t o r  beam. The a c t i v e  volume o f  t h e  

c e l l  is a c y l i n d e r  de f ined  by t h e  area of t h e  d e t e c t o r  beam and t h e  

l e n g t h  of the guarded i o n i z a t i o n  p l a t e .  The e l e c t r o n s  produced by t h e  

i o n i z a t i o n  a re  c o l l e c t e d  a t  t h e  guarded p l a t e .  T h i s  p u l s e  of charge is  

ampl i f i ed  and s t o r e d  f o r  readout  by t h e  e l e c t r o n i c s .  Thus ,  a t  t i m e  

t = 0 ,  f r e e  Cs atoms are produced along t h e  a x i s  o f  a c y l i n d e r .  A t  some 

A narrow pulsed beam of 11V l i g h t  

l a t e r  t ime,  t =  t the i o n i z a t i o n  laser d e t e c t s  those  atoms t h a t  have 
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ORNL DWG 76-15852R 

Figure 1. The i n t e r a c t i o n  cel l .  The UV beam pho tod i s soc ia t e s  cesium 
iod ide .  The v i s i b l e  beam i o n i z e s  free cesium. 



n o t  d i f f u s e d  o u t  of t h e  c y l i n d e r  o r  r e a c t e d  wi th  i m p u r i t i e s  i n  the 

i n e r t  b u f f e r  gas. Data i s  generated by r e p e a t i n g  t h e  sequence many 

times whi l e  va ry ing  a s i n g l e  parameter ,  such as time de lay  o r  l a s e r  

i n t e n s i t y .  

2.2 E l e c t r o n i c s  -----1__ and Data Acqu i s i t i on  

The exper imenta l  e l e c t r o n i c s  control. t he  d i s s o c i a t i a n - t o -  

--- 

i o n i z a t i o n  t i m e  de l ay  and, i n  a d d i t i o n ,  s t o r e  t h r e e  p i e c e s  of 

in format ion  f o r  each p u l s e  sequence (F igure  2 ) .  The t h r e e  p i e c e s  of 

in format ion  are:  (1) a signal.  p ropor t iona l  t o  t h e  energy per pu l se  

of the source  l aser ;  (2)  a s i g n a l  p r o p o r t i o n a l  t o  t h e  energy pea: p u l s e  

of t h e  d e t e c t o r  laser;  and, (3)  t h e  resonance i o n f z a t i o n  s i g n a l .  Jus t  

b e f o r e  t h e  p u l s e d  source  beam e n t e r s  the r e a c t i o n  c e l l ,  a smal l  

f r a c t i o n  is picked o f f  w i t h  a q u a r t z  beam s p l i t t e r  and d i r e c t e d  onto  

a f l u o r e s c e n t  ca rd .  A l i g h t  s e n s i t i v e  d iode  b i a sed  through a 1 megohm 

r e s i s t a n c e  moni tors  t h e  f luo rescence  g iven  o f f .  The d iode  genera tes  a 

s i g n a l  a c r o s s  t h e  load  r e s i s t o r  p r o p o r t i o n a l  t o  the t o t a l  energy of t h e  

p u l s e  and has a shape compatible  wj.th nuc lea r  p u l s e  shaping  e l e c t r o n i c s .  

The l i g h t  s e n s i t i v e  d iode  was found t o  have tremendous v a r i a t i o n  i n  

s e n s i t i v i t y  as  a func t ion  of wavelength i f  it viewed t h e  W d i r e c t l y .  

Therefore ,  t h e  f l u o r e s c e n t  wavelength conversion was employed, t o  improve 

t h e  wavelength response.  Neve r the l e s s ,  t h e  response  w a s  not wavelength 

independent  and i t  was necessary  t o  c a l i b r a t e  t h e  d e t e c t o r  as a func t ion  

of wavelength.  

ampl i f i ed  and then d i g i t i z e d  by a 100 channel  TEE 401 p u l s e  he igh t  

The v o l t a g e  p u l s e  across the diode  load  r e s i s t o r  i s  
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. ana lyze r .  

The source  laser  is  f r e e  running a t  a r e p e t i t i o n  rate of l h e r t z .  

However, t h e  i o n i z a t i o n  laser can he pulsed only  about  eve ry  30 seconds.  

Therefore ,  an  Or tec  418A coinc idence  g a t e  i s  enabled by t h e  ope ra to r  

once t h e  d e t e c t o r  laser i s  charged up and ready t o  f l a s h .  The next  

sou rce  diode p u l s e  is  ga ted  i n t o  t h e  memory of t h e  TMC p u l s e  he igh t  

ana lyze r .  This  p u l s e  also t r i g g e r s  t h e  d e t e c t o r  laser and a Biomation 

trace r e c o r d e r  through an e l e c t r o n i c  de l ay  gene ra to r .  I o n i z a t i o n  

produced i n  t h e  guarded p l a t e  r eg ion  of  t h e  r e a c t i o n  c e l l  I s  ampl i f i ed  

wi th  a charge s e n s i t i v e  Or tec  109A p r e a m p l i f i e r  and Tennelec TC200 

shap ing  a m p l i f i e r .  Th i s  system has an RMS n o i s e  of abou t  500 e l e c t r o n s .  

However, rf n o i s e  from t h e  i o n i z a t i o n  laser rai.sed t h e  l o w e r  l i m i t  of 

d e t e c t a b i l i t y  t o  about  3 X l o 4  electrons/pulse. The i n t e n s i t y  of the: 

d e t e c t o r  laser i s  monitored w i t h  a beam s p l i t t e r  and l i g h t  s e n s i t i v e  

diode b i a sed  through 50 ohms. The s i g n a l  genera ted  a c r o s s  t h e  r e s i s t o r  

i s  recorded d i r e c t l y  by t h e  t r a c e  r eco rde r .  Both t h e  d i o d e  p u l s e  and 

t h e  i o n i z a t i o n  p u l s e  are recorded on a s i n g l e  o s c i l l o s c o p e  t r a c e  us ing  

a d i f f e r e n t i a l  a m p l i f i e r  i npu t  of t h e  t r a c e  r eco rde r .  The i o n i z a t i o n  

p u l s e  i s  delayed w i t h  r e s p e c t  t o  the d iode  p u l s e  w i t h  an Ortec 427A 

de lay  a m p l i f i e r ,  The addres s  of the las t  sou rce  d iode  p u l s e  s t o r e d  

i n  the PHA and t h e  two pu l ses  s t o r e d  i n  t h e  t r a c e  r e c o r d e r  are recorded 

by t h e  o p e r a t o r .  

when t h e  i o n i z a t i o n  laser i s  charged up, the next  sequence i s  gated 

through. 

The PHA and t r a c e  r eco rde r  memories are c l e a r e d  and ,  

Time de l ays  are  genera ted  by a Rutherford d i g i t a l  d e l a y  gene ra to r .  
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This  u n i t  i s  d r iven  by a n  i n t e r n a l  c r y s t a l  o s c i l l a t o r  c i r c u i t  and i t  

has  a range  of 0-1 sec i n  hundred nanosecond i n t e r v a l s .  The accuracy 

of t h e  v a r i o u s  step-down coun te r s  of t h i s  u n i t  w a s  v e r i f i e d  wi th  a 

Tek t ron ix  454 o s c i l l o s c o p e .  

The d iode  l i g h t  s e n s o r s  were c a l i b r a t e d  f o r  a b s o l u t e  energy p e r  

p u l s e  wi th  b a l l i s t i c  thermopi les .  The UV sou rce  d iode  was c a l i b r a t e d  

w i t h  a Quantronix 503 thermopile .  This  u n i t  r equ i r ed  a f a s t  b u r s t  of 

approximately 100 p u l s e s  to  produce a measurable reading .  The reading  

w a s  t hen  compared t o  the d i s t r i b u t i o n  of p u l s e s  s t o r e d  i n  the PHA, 

The d e t e c t o r  d iode  was c a l i b r a r e d  w i t h  both  t h e  Quantronix 503 and 

Hadron 108 thermopi les .  Both manufac turers  c la imed c a l i b r a t i o n  

t r a c e a b l e  t o  NBS s t a n d a r d s  bu t  agreed on ly  t o  w i t h i n  15 percent .  

2 . 3  The I n t e r a c t i o n  C e l l  

The i n t e r a c t i o n  c e l l  is a s ta in less  s teel  chamber connected t o  a 

good vacuum system. 

t o r r  o r  l e s s .  

T h i s  cup i s  hea ted  from undernea th ,  o u t s i d e  t h e  vacuum c e l l ,  by a 

copper  block c o n t a i n i n g  an e lectr ical  h e a t e r .  Temperature of t h e  cup 

is monitored w i t h  a Chromel-Alumel thermocouple mounted i n  t h e  copper 

b lock  n e x t  t o  t h e  s tee l  cup. 

s m a l l  chunk of CsK i n  t h e  cup and h e a t i n g  t h e  c u p  t o  mel t ing  point of 

C s I  (905 K ) .  The CsI melted and coa ted  t h e  i n s i d e  s u r f a c e  of t h e  cup. 

The normal o p e r a t i n g  tempera ture  of t h e  cup is 625 K which produces a 

CsI d e n s i t y  i n  t h e  laser  beams of abou t  3 X 1 0 8 / c m 3  for most o p e r a t i n g  

IJhen n o t  i n  use t h e  c e l l  w a s  maintained at: l0Ig 

A t  the bottom of  t h e  cel l  is  a , t h i n  s t a in l e s s  s t ee l  cup. 

The sample w a s  p repared  by p l a c i h g  a 



c o n d i t i o n s .  A l l  s u r f a c e s ,  except  f o r  t h e  s a m p l e  cup, were maintained 

a t  room temperature .  It was found by measurement wi th  a f i n e  Chromel- 

Alumel thermocouple t h a t  t h e  t e m p e r a t u r e  of t h e  argon i n  t h e  r eg ion  of 

t h e  laser beam was w i t h i n  5 of 325  K f o r  a l l  p r e s s u r e s  u s e d  i n  t h i s  

s tudy .  The c e l l  windows are q u a r t z  and are mounted on s i n a l l  ex t ens ions .  

The e x t e n s i o n s  reduce t h e  chances t h a t  charge produced at. t h e  windows 

by t h e  lasers w i l l  c ause  e l e c t r i c  f i e l d  changes i n  t h e  guarded 

i o n i z a t i o n  region.  The i o n i z a t i o n  p l a t e s  are made of s t a i n l e s s  steel  

wi th  ceramic i n s u l a t o r s .  The i o n i z a t f o n  p l a t e  s e p a r a t i o n  is 2.7 c m .  

The guarded p l a t e  h a s  a l e n g t h  of 4 crn and a wid th  of 2.5 c m .  I t  is 

surrounded on a l l  f o u r  s i d e s  by a second p l a t e  o f  o u t s i d e  dimensions 

6.2 crn by 4.7 cm t o  e l i m i n a t e  s p u r i o u s  edge e f f e c t s .  These two p l a t e s  

and t h e  w a l l s  of t h e  i n t e r a c t i o n  c e l l  are maintained a t  g round  potential 

whi le  t h e  o p p o s i t e  p l a t e  i s  b i a s e d  negati-ve. With t h i s  arrangement 

a l l  e l e c t r o n s  c r e a t e d  i n  t h e  guarded i o n i z a t i o n  r e g i o n  can be c o l l e c t e d  

by t h e  guarded p l a t e ,  w h i l e  all e l e c t r o n s  c r e a t e d  by photon I n t e r a c t i o n s  

w i t h  t h e  windows OK t h e  w a l l s  can b e  suppressed.  

Matheson p u r i t y  argon (99.9995%) w a s  used wi thou t  a d d i t i o n a l  

p u r i f y i n g  f o r  t h e  b u f f e r  gas. A f lowing system w a s  used t o  reduce 

p o s s i b l e  i m p u r i t i e s  due t o  out-gassing wi th  an exchange rate o f  once 

p e r  two minutes.  

system due t o  lack of a flow system capab le  of niixing t h e  s m a l l  per- 

cen tages  o f  oxygen (also Matheson p u r i t y ) .  However, t h i s  w a s  found t o  

have no e f f e c t  on t h e  r e s u l t s .  A Wallace and Tiernan SA145 Vacuum 

gauge monitored the  p r e s s u r e  i n s i d e  t h e  i o n i z a t i o n  c e l l .  

Measurements of oxygen r e a c t i o n s  were done i n  a s t a t i c  
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’ 2.4 The Lasers 

The u l t r a v i o l e t  sou rce  laser beam is  ob ta ined  from a Chromatix 

CMX-4 pulsed dye laser. Th i s  laser  uses  a l i n e a r  f l a s h  lamp with in  an 

e l l i p t i c a l  c a v i t y .  The f l a s h  lamp runs  a long  one pole of t h e  c a v i t y  

and t h e  dye c e l l  a long  t h e  o t h e r  po le .  A v i s i b l e  ou tpu t  of  about 4 

m i l l i j o u l e s  is produced i n  a 0.7 psec (FWHM) pu l se .  An u l t r a v i o l e t  

ou tput  of about 0 .1  m i l l i j o u l e  i s  obtained wi th  an i n t r a - c a v i t y  doubling 

c r y s t a l .  The v i s i b l e  o u t p u t  i s  removed wirh  a band p a s s  f i l t e r  just 

beyond t h e  ou tpu t  mi r ro r .  The laser beam diameter  a t  t h e  i n t e r a c t i o n  

c e l l  i s  3 m i l l i m e t e r s .  Some measurements are performed w i t h  a 50 cm 

focus  q u a r t z  l e n s  which produces a d ivergence  l i m i t e d  beam of0.05 crn 

d iameter  i n  t h e  cel l .  When so focused,  t h e  laser  procluces a f luence  

i n  t h e  c e l l  g r e a t e r  than photons/cm2. 

The d e t e c t o r  laser  i s  a Phase-R 2100C pulsed  dye laser,  No tun ing  

element i s  used i n s i d e  t h e  c a v i t y ;  coa r se  tun ing  i s  accomplished by 

proper  cho ice  of dye and s o l v e n t .  Lasing a c t i o n  OCCUKS at t h e  f luo res -  

c e n t  peak of t h e  mixture .  When used i n  t h i s  manner, t h e  laser has a 

bandwidth of 40 A. Figure  3 shows two o u t p u t  s p e c t r a  of t h e  dye mix- 

t u r e  used f o r  t h i s  s t u d y  (1.5 X molar coumarin 2 i n  50% H20 and 

50% methanol).  The f i r s t  spectrum is w i t h  f r e s h  dye and pumps both t h e  

0 

C S ( ~ ~ P ,  2) and C S ( ~ ~ . P ~ / ~ )  states. When bo th  s ta tes  are pumped, ion iza-  

t i o n  s a t u r a t i o n  i s  e a s i l y  achieved.  Af t e r  t h e  dye has  aged ( i . e . ,  used 

about  400 p u l s e s ) ,  t h e r e  i s  a s h i f t  t o  t h e  r e d  s u f f i c i e n t  t o  prevent  

pumping of t h e  C S ( ~ ~ P , / , )  l e v e l .  The second spectrum i n d i c a t e s  t h i s  

/ 

condi t ion, .  S a t u r a t i o n  of i o n i z a t i o n  w a s  checked f o r  f r e s h  and 
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aged dye and t h e  i m p l i c a t i o n s  of t h e s e  r e s u l t s  w i l l  be d i scussed .  

2 When tuned t o  t h e  Cs(7  P ) l e v e l ,  0.4 j o u l e  of laser energy is  

Lasing a c t i o n  i s  obtained by 
1 1 2  

produced wi th  a p u l s e  width of 0 . 3  psec. 

d i s c h a r g i n g  500 j o u l e s  of e l e c t r i c a l  energy s t o r e d  i n  a c a p a c i t o r  

Marx Bank through t h e  c o a x i a l  f l a s h  lamp sur rounding  t h e  dye  c e l l .  

The Marx Bank d i scha rge  is  accomplished by breaking  down a spark-gap 

swi t ch  w i t h  a h igh  vo l t age  pulse .  The o r i g i n a l  s p a r k  gAp supp l i ed  by 

t h e  manufacturer  caused excess ive  de l ay  between t r i g g e r  p u l s e  and '  

breakdown. The s p a r k  gap w a s  redes igned  t o  i n c l u d e  t h e  c e n t e r  e l e c t r o d e  

of a n  automobile  s p a r k  p lug  w i t h  a very  s u c c e s s f u l  r e s u l t .  TO e l i m i n a t e  

thermal  g r a d i e n t s ,  which tend t o  s p o i l  t h e  c a v i t y  a l ignment ,  a t r i a x i a l  

c o o l i n g  arrangement i s  employed. A c losed  c y c l e  loop of c o o l i n g  water  

is c i r c u l a t e d  through a hollow c y l i n d e r  between t h e  f l a s h  lamp and dye 

c a v i t y .  The dye is  c i r c u l a t e d  through t h e  h e a t  exchange c o i l s  In  the  * 

water r e s e r v o i r  j u s t  b e f o r e  e n t e r i n g  t h e ' c a v i t y .  Thus, t h e  l a m p ,  wa te r ,  

and dye a re  maintained a t  the same temperature .  

Output energy of a f l a s h  lamp pumped dye laser is roughly  pro- 

p o r t i o n a l  t o  t h e  flash lamp energy minus a t h r e s h o l d  energy.  The 

t h r e s h o l d  i s  determined by many f a c t o r s  i n c l u d i n g  type  of c a v i t y  and 

. t he  dye i t s e l f .  For t h i s  experiment ,  t h re sho ld  corresponded to 40 

percent of t h e  maximum r a t e d  energy of t h e  lamp, I t  i s  n o t  p o s s i b l e  t o  

pump t h e  dye c a v i t y  uniformly.  When viewed i n  cross s e c t i o n ,  v a r i o u s  

p a r t s  of t h e  ou tpu t  beam have s l i g h t l y  d i f f e r e n t  t h r e s h o l d s .  Therefore ,  

the i n t e n s i t y  p r o f i l e  o f  t h e  Phase-R laser  is m o s t  uniform a t  t h e  high- 

est pumping i n t e n s i t i e s  of  t h e  f l a s h  lamp. When s tudy ing  i o n i z a t i o n  
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y i e l d  as a func t ion  of i n t e n s i t y ,  t h e  laser i s  maintained a t  maximum 

i n t e n s i t y .  The ou tpu t  beam is  then  a t t e n u a t e d  by LL series o f  g l a s s  

s l i d e s  mounted s l i g h t l y  o f f - ax i s  t o  the  laser  beam. Each s l i d e  

s u r f a c e  r e f l e c t s  about  four percen t  of t he  laser i n t e n s i t y  and  S O  

twenty s l i d e s  are  r equ i r ed  t o  reduce t h e  beam i n t e n s i t y  t o  twenty 

pe rcen t  of i t s  unat tenuated  va lue .  Neut ra l  d e n s i t y  f i l t e r s  (e.g., 

g l a s s  abso rp t ion  f i l t e r s  w i t h  aluminum coa t ings )  are  n o t  used because 

of t h e  l i k e l i h o o d  of  damage by 0.4 J p u l s e s .  

The output  of t h e  Phase-R laser  is passed through a X2 double- 

convex beam reducing  t e l e scope .  The beam diameter  a t  t h e  iontzat ion 

c e l l  is (6.5 "5) mm and w a s  determined by measuring burn p a t t e r n s  

on carbon paper and developed Po la ro id  f i lm.  
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SECTION 3 

EXPERIMENTAL RESULTS AND DISCUSSION 
I 

3.1 P h o t o i o n i z a t i o n  of Cesium 

When a n  atom of cesium is  i r r a d i a t e d  w i t h  photons from a laser 

tuned t o  an  o p t i c a l l y  allowed t r a n s i t i o n ,  a b s o r p t i o n  can occur .  I f  

one n e g l e c t s  a l l  o t h e r  p r o c e s s e s ,  t hen  a n  e x c i t e d  s ta te  so produced 

w i l l  decay by e i t h e r  spontaneous decay o r  s t i m u l a t e d  emission.  

i n t e n s i t y  laser p u l s e  can b r i n g  a popu la t ion  of cesium atoms i n t o  an  

e q u i l i b r i u m  where rate of e x c i t a t i o n  by a b s o r p t i o n  is t h e  same as t h e  

ra te  of de -exc i t a t ion .  

A high 

The rate of & - e x c i t a t i o n  by s t i m u l a t e d  

emission can be much l a r g e r  t han  t h e  ra te  of spontaneous decay. Thus, 

e q u i l i b r i u m  can be e s t a b l i s h e d  ve ry  r a p i d l y  du r ing  t h e  cour se  of the  

laser  p u l s e  and can e x i s t  throughout most of t h e  t i m e  d u r a t i o n  of t h e  

p u l s e .  The r a t i o  of t h e  p o p u l a t i o n  of t h e  e x c i t e d  s ta te  t o  t h e  ground 

s ta te  is t hen  simply t h e  r a t i o  of t h e  degene ra t e  magnetic s u b s t a r e s  af 

the two l e v e l s .  It i s  assumed t h a t  e x c i t a t i o n  occur s  i n  a b u f f e r  gas 

such t h a t  many c o l l i s i o n s  occur  d u r i n g  a t i m e  comparable t o  t h e  l i f e -  

t i m e  of t h e  e x c i t e d  s ta te  and a l l  memory of t h e  e x c i t a t i o n  proc-ess is 

lost. 

has  been found, much d a t a  e x i s t s  for o t h e r  a l k a l i  m e t a l  e x c i t e d  states. 

A d e p o l a r i z a t i o n  cross s e c t i o n  o f  6 X 

Although no c o l l i s i o n a l  d e p o l a r i z a t i o n  d a t a  fo r  t h e  Cs T2P l e v e l s  

c m 2  for Cs 62J? l e v e l  i n  
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argon l7 seems t o  be t y p i c a l .  

degeneracy assumption q u i t e  v a l i d  a t  t h e  p r e s s u r e s  of  t h i s  s t u d y .  I n  

o r d e r  t o  e s t a b l i s h  equi l ibr iurn  i t  i s  requ i r ed  t h a t  

Such a c r o s s  s e c t i o n  would make the 

where f ( u )  is  t h e  photon f l u x  pe r  u n i t  f requency,  cs is  t h e  c ros s  

s e c t i o n  f o r  s t i m u l a t e d  emission and y is t h e  spontaneous decay ra te  

of t h e  e x c i t e d  state.  The i o n i z a t i o n  laser i s  broadband so f ( u )  is 

e f f e c t i v e l y  a c o n s t a n t  over  t h e  absorpe ion  i n t e g r a l .  Furthermore,  t h e  

well known E i n s t e i n  formula f o r  t h e  i n t e g r a l  of s t i m u l a t e d  emission i s  

Ul 

ux 

where A, is  t h e  l i n e  c e n t e r  wavelength and y 

decay rate d i r e c t l y  t o  t h e  ground s t a t e .  S u b s t i t u t i n g  equat ion  (2)  

i n t o  equa t ion  (1) and s o l v i n g  for f ( u )  y i e l d s ,  

is t h e  spontaneous u l  

According t o  F igure  4 ,  . spontaneous decay d i r e c t l y  t o  t h e  ground s ta te  

i s  much less f r equen t  t han  spontaneous decay through o t h e r  channels ,  

p a r t i c u l a r l y  t h e  fj2S l e v e l s .  Also,  t h e  48 A FINM bandspread of t h e  

d e t e c t o r  laser i s  much broader than m o s t  pulsed lasers. Therefore ,  

0 

h ighe r  than  expected photon f luences  w i l l  be r e q u i r e d  t o  e s t a b l i s h  the 

equi  1 ibr ium. 

wavelength spread  centered  a t  4593 A,  and a l a s e r  p u l s e  l e n g t h  of .5 

0 

Assuming a frequency bandwidth a p p r o p r i a t e  t o  40 A, 
0 

lisec, then equat ion  ( 3 )  p r e d i c t s  t h a t  photon f l u e n c e s  nuch g r e a t e r  
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Figure 4. Spectrum wavelengths, transition rates and lifetimes for lower 
levels of the cesium atom. For the source material, see Ref. 4 .  
Courtesy of Prof. Ray Hefferlin, presently at Oak Ridge National 
Laboratory on sabbatical from Southern Missionary College. 
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than 100 mJ/cm2wi11 be r equ i r ed  t o  b r i n g  t h e  7’Pl 7 l e v e l  i n t o  

equ i l ib r ium wi th  t h e  ground s t a t e .  
/ -  

Pho to ion iza t ion  by 72P resonance r a d i a t i o n  can occur  from any of 

t h e  e x c i t e d  states populated by spontaneous decay of t h e  T2P l e v e l s .  

However, t h e  l i f e t i m e s  of  a l l  l e v e l s ,  except those  of t h e  !i21), a r e  

s h o r t  and l i t t l e  e f f e c t  on t h e  ionization y i e l d  is expected.  Life- 

t i m e s  of t h e  52D l e v e l s  are approximately a microsecond and s o  con- 

s i d e r a b l e  popula t ion  of t h e s e  l e v e l s  might occur  d u r i n g  a l a se r  p u l s e  * 

Manson, e t  a l .  18, c a l c u l a t e  a pho to ion iza t ion  c r o s s  s e c t i o n  f o r  t h e  

7p l e v e l  ( n e g l e c t i n g  sp in -o rb i t  coupl ing)  equa l  to r1.5 X lo-’’ cm2. 

Manson 

to be  2.4 X 

quoted f o r  t h e  resonance wavelength of the 7p l e v e l .  The re fo re ,  a t  

also f i n d s  t h e  c r o s s  s e c t i o n  for p h o t o i o n i z a t i o n  of the 56 

em2, a f a c t o r  of  5 g r e a t e r .  Both cross s e c t i o n s  a r e  

low i n t e n s i t i e s ,  a s i z e a b l e  f r a c t i o n  of t h e  i o n i z a t i o n  w i l l  come from 

t h e  5 D l e v e l s .  A l s o ,  t h e  photon f fuence  r e q u i r e d  to make G+ u n i t y  

fo r  t h e  7p l e v e l  corresponds t o  an  energy d e n s i t y  of  approximately 100 

m J / c m 2 .  Therefore ,  t h e  f i r s t  e x c i t a t i o n  p rocesses  and t h e  i o n i z a t i o n  

r e q u i r e  about  t h e  same energy p e r  p u l s e .  T h i s  is unusual  and is  c h i e f l y  

a r e s u l t  of t h e  broadband mode of o p e r a t i o n  of  the d e t e c t o r  l a s e r .  

F igu re  5 i s  a v o l t a g e  s a t u r a t i o n  curve  showing t h e  i o n i z a t i o n  

y i e l d  as  a func t ion  of E / P  where E is  the e l e c t r i c  f i e l d  i n  t h e  guarded 

p l a t e  r eg ion  and P i s  t h e  gas  p re s su re .  This  was ob ta ined  a t  f ixed  

i n t e n s i t i e s  OF source  and  d e t e c t o r  lasers. T h i s  curve remained r e l a t i v e -  

l y  c o n s t a n t  over  t h e  range o f  argon p r e s s u r e s  used (25-400 t o r r ) .  Over 

t h e  f l a t  po r t ion  of the curve ,  from 0.5 t o  2.0 volts-cm- - t o r r  , a l l  of 
1 I 1 
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t h e  e l e c t r o n s  c r e a t e d  by t h e  d e t e c t o r  laser p u l s e  are c o l l e c t e d .  A t  

t h e  Sower vaues of E/P t h e r e  are losses due t o  recombinat ion.  A t  

h ighe r  v a l u e s  o f  E / P ,  e l e c t r o n  m u l t i p l i c a t i o n  beg ins  t o  occur .  Also, 

v o l t a g e  d i scha rge  w i l l  occur  which s a t u r a t e s  t h e  e l e c t r o n i c s .  

Opera t ion  of t h e  i o n i z a t i o n  p l a t e s  wfthin t h e  p l a t e a u  r eg ion  

a s s u r e s  t h e  absence of space charge  effects .  I f  charge d e n s i t i e s  

w i t h i n  t h e  d e t e c t o r  beam w e r e  h igh  enough t o  cause  space  cha rge  e f f e c t s  

t h e r e  would be  no p l a t e a u .  Care was t aken  t o  avoid  space  cha rge  du r ing  

a1 1 d a t a  a c q u i s i t i o n .  

F igu re  6 shows i o n i z a t i o n  y i e l d  as a func t ion  of t h e  d e t e c t o r  

l aser ' s  p u l s e  i n t e n s i t y  when f r e s h  dye is  used. This  d a t a  is f o r  a 

f i x e d  i n t e n s i t y  of t h e  source laser. S t rong  s a t u r a t i o n  i s  s e e n  wi th  

l i t t l e  dependence on the  bufEer gas  p re s su re .  F igure  7 shows i o n i z a t i o n  

y i e l d  as a func t ion  of i n t e n s i t y  a f t e r  t h e  dye has aged w i t h  s e v e r a l  

hundred p u l s e s .  Comparing t h e  two f i g u r e s ,  d a t a  taken  a t  100 torr show 

l i t t l e  dependence on t h e  age of t h e  dye. Data for 2 5  t o r r  show that  

s a t u r a t i o n  r e q u i r e s  a much h ighe r  i n t e n s i t y  f o r  t h e  aged dye. 

When t h e  dye is f r e s h  t h e r e  is  d i r e c t  e x c i t a t i o n  of bo th  the 

CS(~~P,/,) and CS(~~P,,,) l e v e l s .  

spectrum s h i f t  toward longer wavelengths.  

d i r e c t  e x c i t a t i o n  of t h e  72P3,21evel, as shown i n  F igu re  3 .  

t h e  72P 

argon b u f f e r  gas. The mixing is p r e s s u r e  dependent w i t h  a c r o s s  

s e c t i o n  of 1 . 2  X 10-17 e m 2  ( r e f .  20).  Assuming a c o l l i s i o n a l  v e l o c i t y  oE 

4 X 10'' cm/sec, a mixing rate of 1.5 X lo4 P t o r r - l s ec - l  i s  obta ined  

A s  t h e  dye ages  t h e r e  is a s l i g h t  

The s h i f t  g r e a t l y  dec reases  

However, 

l e v e l  can be  populated by i n e l a s t i c  c o l l i s i o n s  w i t h  t h e  
3 f 2  
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where P i s  t h e  argon p r e s s u r e .  

l e n g t h  of . 5  vsec i s  u n i t y  a t  220 torr. 

72P and 62D levels is  possible. 

mixing i s  on t h e  order of 1-3 X 10'20cm2 (ref. 2 0 ) .  Therefore, photo- 

The product  of rate and a p u l s e  

C o l l i s i o n a l  mixing of  t h e  

However, t h e  c r o s s  s e c t i o n  f o r  t h i s  

i o n i z a t i o n  from t h e  6d levels should be of no consequence. 

i o n i z a t i o n  saturation p r e s s u r e  dependence n e c e s s i t a t e d  f r e q u e n t  dye 

changes when working a t  p r e s s u r e s  below 100 t o r r .  

The 

Depopulation o r  quenching of e x c i t e d  s ta tes  of a l k a l i  metals by 

molecular  p e r t u r b e r s  is  w e l l  known t o  have l a r g e  c r o s s  s e c t i o n s .  

Although no quenching data have been found for CS(~~P), much d a t a  

e x i s t s  f o r  t h e  first e x c i t e d  states of many alkali m e t a l s .  Typical  

v a l u e s  range from lQ'-15cm2 t o  10-14cm2 depending OR t h e  gas and t h e  

a l k a l i  metals . These cross s e c t i o n s  would require un- 21, 22, 23 

r easonab ly  h igh  c o n c e n t r a t i o n s  of i m p u r i t i e s  i n  o r d e r  to have an 

a p p r e c i a b l e  e f f e c t  during t h e  d e t e c t o r  p u l s e .  Accurate  measurements 

of argon quenching have n o t  been made, b u t  in each case i t  was found 

t h e  c r o s s  s e c t i o n  was less than t h e  lower limit of d e t e c t a b i l i t y  21, 2 3  

Since  the p h o t o i o n i z a t i o n  p r e s s u r e  dependence i n  Figure 7 ' 1 s  i nve r se  

to  what one e x p e c t s  from quenching, i t  i s  f e l t  t h a t  t h i s  experiment i s  

f r e e  of such d i f f i c u l t i e s .  

Zeman 24 r e p o r t s  an expe r imen ta l  de t e rmina t ion  o f  t h e  pho'to- 

i o n i z a t i o n  cross sections of t h e  72p and 7*P l e v e l s  w i t h  

c i r c u l a r l y  p o l a r i z e d  resonance r a d i a t i o n  as (6 .2  -t. 0.5) X l d r s c m 2  and 

/ 2  3 / 2  

( 8 . 8  It 1..6) X 10-18cm2 , r e s p e c t i v e l y .  

experiment w i t h  p u l s e s  of $ psec d u r a t i o n .  

A dye laser  was used i n  thfs 

Cross  s e c t i o n s  were obtained 
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by measuring t h e  beam p r o f i l e  and then d a t a  f i t t i n g  t h e  non-l inear  , 

i o n i z a t i o n  y i e l d  as a func t ion  o f  i n t e n s i t y .  I t  was f e l t  t h a t  about  

90 pe rcen t  of t h e  cesium w a s  i on ized  a t  t h e  maximum i n t e n s i t i e s .  A 

s p e c i f i c  account ing  of t h e  52D pho to ion iza t ion  channel  was no't given. 

However, t h e  r e s u l t s  are i n  reasonable .  agreement w i t h  Manson's 

c a l c u l a t i o n s .  They do po in t  ou t  t h e  need f o r  account ing f o r  spin-  

o r b i t  coupl ing.  

An a c c u r a t e  de te rmina t ion  of pho to ion iza t ion  c r o s s  s e c t i o n s  was 

n o t  a t tempted  i n  t h e  present:  work because of s e v e r a l  complicat ions.  

Dua l  e x c i t a t i o n  of t h e  72P 1,2 and 7*P 3 /2  l e v e l s ,  a s  w e l l  as f a i l u r e  EO 

e s t a b l i s h  a d i s c r e t e - d i s c r e t e  equ i l ib r ium a t  l o w  in tens i . t3es ,  are t h e  

main d i f f i c u l t i e s .  A t  t h e  expense of a r educ t ion  i n  peak i n t e n s i t i e s ,  

d i s p e r s i v e  elements  placed i n  t h e  l a s i n g  c a v i t y  produce much narrower 

bandwidth ou tpu t s .  

i n t o  equ i l ib r ium w i t h  t h e  ground s t a t e .  S ince  t h e  d i s s o c i a t i o n  laser 

has a beam diameter  of  on ly  h a l f  t h a t  o f  t h e  i o n i z a t i o n  laser, problems 

of beam non-uniformity a t  t h e  edges are avoided. 

b o t h  t h e  52D l e v e l s  and the 72P l e v e l s  a t  t h e  wavelengths  of the 

a p p r o p r i a t e  7*P unpolar ized  resonance r a d i a t i o n  could be obta ined  by 

modeling. F igure  6 i n d i c a t e s  t h a t  some reduc t ion  i n  p u l s e  i n t e n s i t y  . 

could  h e  t o l e r a t e d  wlfthout l o s s  of accuracy.  

Then a s i n g l e  72P l e v e l  could  be  e x c i t e d  and brought  

Cross s e c t i o n s  of 

3.2 Sa tu ra t ed  Pho tod i s soc ia t ion  

With s u f f i c i e n t  f l uence  t o  s a t u r a t e  the i o n i z a t i o n ,  i .e. ,  to 

d e t e c t  each f r e e  atom i n  t h e  l a s e r  beam, s t u d i e s  w e r e  made of t h e  
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photodissociation process; 

of argon with a source-to-detector time delay of 100 psec. 

determined in the diffusion studies that losses due to diffusion or 

These studies were performed in 100 torr 

It was 

chemical reactions under these conditions were negligible. 

ionization signals were observed due to the source laser alone. 

Berkowitz 

meter only when the photon energy exceeded 7 eV. 

No 

25 observed ionization with a photoionization mass spectro- 

Figure 8 shows the ionization signal as a function of the number 

of photons in a single p u l s e  of the source laser, both for a focused 

and unfocused beam. 

unfocused but showing a degree of saturation for the focused beam. 

The focused beam ionization does not reach an asymptotic value because 

of a non-uniform beam profile. The edges of the beam are not sharp. 

At high pulse intensities, a sizable fraction of the total number of 

dissociated atoms will come from the outer edge of the beam which never 

saturates. 

Ionization y i e l d  is Linear with intensity for the 

To obtain the cesium photoproduction cross section, 0, the follow- 

i n g  analysis was made. A Gaussian beam i s  assumed for the source 

photon f luence u(p> ,  

where 4o is the fluence when the r a d i u s p =  0, and R is a constant. The 

appropriateness of this assumption was roughly conEirmed by direct 

photographs of a highly attenuated focused beam. The dissociation 

probability of a s ingle  molecule is assumed to be 
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The photoproduct ion y i e l a  pe r  u n i t  l e n g t h  of t h e  laser beam n 

given b y ,  

i s  I 

where N i s  t h e  number d e n s i t y  of cesium i o d i d e  molecules .  S u b s t i t u t i o n  

of equa t ion  ( 5 )  i n t o  equat ion  ( 6 )  y i e l d s  

By u s i n g  t h e  v a r i a b l e  s u b s t i t u t i o n ,  

and moving sotne c o n s t a n t s  t o  t h e  l e f t  hand s i d e ,  one o b t a i n s ,  

The s o l u t i o n  for t h i s  equat ion  i s  given i n  i n t e g r a l  t a b l e s  as 

( 8 )  
9: fl 

F ( G $ ~ )  ___ - -- Y + + E l ( o + o ) ,  N R R ~  

where E 1  i s  t h e  exponen t i a l  i n t e g r a l  and y is Eul.er's cons tan t  

(0.5772 ...). I n  t h e  l i m i t  o$o -t 0, F(aOo) -+ cf@a .so t h a t  for @oC<l, 

n = NnR2uCj0 N I OdA, I 

t h e  q u a n t i t y  -rrR2+0 is just t h e  a r e a  i n t e g r a l  of  t h e  Gaussian photon 

f 1 uence. Th i s  asymptotic s o l t i t i o n  has  t h e  same l i n e a r  dependence on 

t h e  number of photons p e r  p u l s e  as t h e  exper imenta l  unfocused beam da ta .  

S ince  the func t ion  F(6Cjo) for U+O -+ 0 i s  ~ $ 0  i t s e l f ,  it is convenient  

t o  work with  t h e  r a t i o  F ( ~ I $ ~ ) / c J $ ~ .  S ince  t h e  unfocused s i g n a l  shows no 

s i g n  of s a t u r a t i o n ,  t h i s  r a t i o  is j u s t  the r a t l o  of t h e  focused s i g n a l  

t o  t h e  unfocused s i g n a l  when bo th  signa1.s are measured a t  t h e  same 
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number of  photons p e r  p u l s e .  

(I  used 2 . 5  X lo1" s i n c e  i t  f a l l s  w i t h i n  t h e  l a r g e s t  c l u s t e r  of data  

p o i n t s ) ,  t h e  va lue  of  (740 w a s  found t h a t  made F(a$g)/o+g equa l  t o  t h e  

exper imenta l  r a t i o  (0 .41) .  To complete t h e  a n a l y s i s  f o r  t h e  c ros s  

For a given t o t a l  number of photons 

s e c t i o n ,  $ 0  m u s t  be determined. Th i s  w a s  done by measuring the energy 

t r a n s m i t t e d  through a small  p inho le  of a25 mm d iameter  p laced  a t  t h e  

beam focus  w i t h  a Molectron 5 3  p y r o e l e c t r i c  Joulemeter .  I n  t h i s  way, 

i t  w a s  found a t  3175 A t h e  photoproduct ion crass s e c t i o n  of  cesium is 

2.9 X The pred ic t ed  (based on equat ion  (8)) i o n i z a t i o n  y i e l d  

0 

o f  t h e  focused source  beam is shown as a smooth cu rve  t:hrough t h e  

focused beam d a t a  of F igure  8. 

F igure  9 shows t h e  c r o s s  s e c t i o n  for t h e  product ion  of n e u t r a l  

cesium from CsI 3s a func t ion  of wavelength. The f u n c t i o n a l  dependence 

w a s  ob ta ined  by s c a l i n g  t h e  i o n i z a t i o n  y i e l d  per photon t o  t h a t  of 

3175 h data f o r  an unfocused beam. The photoabsorp t ion  cross seetion 
0 

determined a t  1000 K (ref. 11) is shown i n  F i g u r e  9 as a smooth curve. The 

p r e s e n t  r e s u l t s  have a functlional form which is  s i m i l a r  to that of 

photoabsorp t ion  and ag ree  t o  w i t h i n  a few p e r c e n t  of those of photo- 

a b s o r p t i o n  a t  t h e  peak. The p r e s e n t  results are much narrower than 

t h e  abso rp t ion  d a t a .  

here (325 K )  so t h a t  t h e r e  i s  f a r  less popula t ion  of t h e  higher 

v i b r a t i o n a l  s t a t e s  of  t h e  CsT molecules '. 

This  is a t t r i b u t e d  t o  t h e  lower temperature  used 

With the  p r e s e n t  technique,  

a knowledge of t h e  number d e n s i t y  (or  vapor  p r e s s u r e )  of t h e  CsI 

molecules  w a s  n o t  r equ i r ed .  R e s u l t s  are: obta ined  us ing  s i g n a l  s t r e n g t h  

i n  relative u n i t s .  Also,  an e x p l i c i t  de t e rmina t ion  of t h e  Gaussian 
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parameter ,  R,  is  n o t  r equ i r ed .  O f  course,  reasonably  good agreement 

of t h e  beam p r o f i l e ,  $ ( p ) ,  t o  equat ion  ( 4 )  i s  requ i r ed .  

A l k a l i  h a l i d e  vapors  are  known t o  con ta in  s i g n i f i c a n t  amounts of  

dimers and,  i n  some c a s e s ,  trimers 25 - 28. 

have t h e  l eas t  tendency t o  form dimers.  Observable concen t r a t ion8  of 

However, cesium halides 

cesium i o d i d e  dimers have no t  been found at: 700 K us ing  mass spec t ro -  

25, 27 
scop ic  techniques  . Also, Davidovi ts  could  see no evidence of 

1 I. CsT dimer ahso rp t ion  i n  t h e  wavelength r eg ion  of this s tudy  . 
Furthermore,  our  measurements w e r e  made a t  ve ry  mush l o w e r  dens:i.ty of 

Cs‘z than  was prev ious ly  p o s s i b l e ,  t h u s ,  i n  any e v e n t ,  our d a t a  should 

be more f r e e  o f  dimer effects .  

3 . 3  D i f f u s i o n  of C e s i u m  I.___ i n  Argon 

Our experimental  geometry (Figure 1) is  i d e a l l y  s u i t e d  t o  rneasure- 

- 

ments of d i f f u s i o n  of a l k a l i  atoms i n  valrious atmospheres. Because of 

t h e  w e l l  def ined  source  and d e t e c t o r  geometry, t h e  e f f e c t s  of t h e  

appa ra tus  w a l l s  can b e  e n t i r e l y  neglec ted .  We proceed now t o  s o l v e  t h e  

d i f f u s i o n  equat ion  a p p r o p r i a t e  t o  our  measurements, A t  t i m e ,  t = 0 ,  

t h e  c e s i u m  popu la t ion  n(r,t) i s  assumed t o  be  
3. 

n(:,t> = ti(x)6(y)ti(z-+o) (9) 
-f 

The behavior  of n ( r , t )  is simply the! s o l u t i o n  pro t h e  equat ion, .  

s u b j e c t  t o  t h e  i n i t i a l  c o n d i t i o n s  of equat ion  ( 9 ) ,  where D i s  t h e  

d i f f u s i o n  c o e f f i c i e n t  of t h e  cesium i n  argon. It: can he  shown t h a t  t h e  
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s o l u t i o n  to  e q u a t i o n s  (9) and (10) is, 

-1; - ro I 2/4Dt 
( 4 r r D t F F -  

4. 

-+ e n ( r , t )  = 

For an i n f i n i t e l y  long l i n e  a long  t h e  z a x i s  having X d i s s o c i a t i o n s  

p e r  u n i t  l e n g t h  at %: = 0, t h e  p o p u l a t i o n  d e n s i t y  N(p, t )  i s  g iven  by, 

+ + 
where ro = kzo and p = Ax2 f y 2  . 
e q u a t i o n  (12)  y i e l d s  t h e  e x p r e s s i o n ,  

S u b s t i t u t i o n  of equa t ion  (11) into  

Performing t h e  i n t e g r a t i o n ,  t h e  fo l lowing  r e s u l t  is  ob ta ined ,  

Therefore ,  t h e  cesium populat ion,  N (t), contained w i t h i n  a c y l i n d e r  

of u n i t  l e n g t h  and r a d i u s  R is given by 

“R 

Eva lua t ing  t h i s  i n t e g r a l ,  i t  is found t h a t  t h e  f r a c t i o n  of t h e  t o t a l  

popu la t ion  w i t h i n  the c y l i n d e r  is given by,  

For s i t u a t i o n s  where t h e  d i f f u s i n g  medium i s  not f r e e  of r e a c t i v e  com- 

ponen t s ,  then equa t ion  (10) becomes 

a t  
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where B is t h e  r e a c t i v e  decay cons t an t .  

The f i n a l  s o l u t i o n  f o r  the f r a c t i o n  of  atoms w i t h i n  a ' c y l i n d e r  of 

r a d i u s  R a t  t i m e  t i s  then  g iven  by 

Experimental  d a t a  was f i t  t o  r e l a t i o n - ( l 7 )  by an i t e r a t i v e  process  

which assumed a va lue  f o r  D and so lved  for 6 a t  s e v e r a l  time de lays .  

D w a s  v a r i e d  u n t i l  a va lue  w a s  found t h a t  gave t h e  most c o n s i s t e n t  

6 ' s  a t  t h e  v a r i o u s  delays. 

Figure  10 shows d a t a  of the i o n i z a t i o n  s i g n a l  as a f u n c t i o n  of  

t i m e  a t  25 t o r r  of argon. A t  very  e a r l y  t i m e s ,  few o f  t h e  atoms have 

d i f f u s e d  f a r  enough t o  escape  t h e  i o n i z a t i o n  c y l i n d e r ,  Th i s  produces 

an  i n i t i a l  slow decay. In t e rmed ia t e  t i m e s  have t h e  m o s t  r a p i d  decay 

but  t h e  rate of decay dec reases  and d e t e c t a b l e  s i g n a l s  are s t l i l l  p r e s e n t  

a t 0 . 3  seconds The smooth curve drawn through the  p o i n t s  is t h e  b e s t  

f i t  ob ta ined  t o  equat ion  (17)  and r e p r e s e n t s  a 6 = 0 and 

sec-1 at atmospheric  p re s su re .  

= 0.11 cm2- 

The curve d e v i a t e s  somewhat from the d a t a  

at very  e a r l y  t i m e s .  This  may be  t h e  r e s u l t  o f  a f a i l u r e  t o  p rope r ly  

normal ize  t h e  d a t a  a t  t i m e ,  t = 0. The d e v i a t i o n  a t  very  l a r g e  t i m e s  

r e s u l t s  from t h e  f i n i t e  dimensions of t h e  gas c e l l ,  i .e . ,  t h e  medium is  

n o t  t r u l y  unbounded. An estimate of t h e  de l ay  t i m e  when t h e  w&ll e f f e c t s  

should begin  t o  p l a y  a r o l e  can be  e s t ima ted  by s o l v i n g  eqiiat ion ( 1 7 )  

f o r  t when R = 1.4 c m ,  t h e  d i s t a n c e  from beam c e n t e r  t o  t h e  i o n i z a t i o n  

p l a t e s  and N / X  = 0.90. 

i n  f a c t ,  no d e p a r t u r e  of t h e  data  from the t h e o r e t i c a l  cu rve  i s  seen 

The s o l u t i o n  is  found t o  be 64 m i l l i s e c o n d s  and,  
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u n t i l  a f t e r  t h i s  t ime. 

F igu re  11 shows i o n i z a t i o n  d a t a  taken a t  30 torr of argon. Here 

t h e  decay is s l i g h t l y  more r a p i d .  This  is  con t r a ry  i o  t h e  s i t u a t i o n  of 

pu re  d i f f u s i o n ,  t h e r e f o r e ,  cons iderably  f a s t e r  r e a c t i v e  processes  are 

invo  ved a t  50 t o r r  compared t o  25 t o r r .  The b e s t  f i t  ob ta ined  to t h e  

-1 data w a s  B =I 10.3  see-’ and D = 0.14 crn2-sec a t  atmospheric ?r,ossure. 

A good f i t  wi th  t h e s e  parameters  was obta ined  over  t h e  e n t i r e  t i m e  

s c a l e .  Wall e f f e c t s  do n o t  p l ay  a s i g n i f i c a n t  ro l e  a t  l a t e  t i m e s  a t  

50 t o r r  because r e a c t i o n  losses dominate t h e  decay processes .  The 

i n c r e a s e  i n  t h e  parameter  $ from 0 at 2 5  t o r r  t o  1 0  sec-l at SO t o r r  

does n o t  i m p l y  a th re sho ld  e f f e c t .  Rather ,  a t  25 t o r r  the f i t t i n g  of  

t h e  decay i s  n o t  s u f f i c i e n t l y  s e n s i t i v e  t o  changes i n  6 to  allow a 
b e t t e r  choice .  

Addi t iona l  d a t a  were taken a t  100 t o r r  and higher  pressures .  

However, r e a c t i o n  processes  are  t o o  f a s t  t o  allow a c c u r a t e  de te rmina t ion  

of D .  

a s s o c i a t e d  w i t h  mass f l o w  e f f e c t s .  

A l s o ,  t h e r e  is an  i n d i c a t i o n  of o t h e r  p rocesses  which may be 

2 -1 A mean va lue  of  T I  f o r  t h e  two p r e s s u r e s  s t u d i e d  is 0.12 cm -set 

a t  a tmospheric  p r e s s u r e .  

t h i s  mean. Add i t iona l  u n c e r t a i n t y  w a s  in t roduced  by t h e  e d g e s  o f  t h e  

d e t e c t o r  beam. The type  of laser c a v i t y  combined w i t h  t h e  t e l e scope  

o p t i c s  provided a reasonably  sha rp  edge of the ,beam contour .  

beam w a s  ape r tu red  j u s t  before e n t e r i n g  t h e  i o n i z a t i o n  ce l l .  

t h e  e a s e  of i o n i z a t i o n  w i t h  t h i s  i n t e n s e  p u l s e  makes a knowledge of t h e  

beam r a d i u s  more c r i t i c a l .  The r a d i u s  R i s  f e l t  t o  be  determined t o  

The two va lues  a g r e e  t o  w i t h i n  15 percent  of 

A l s o ,  t h e  

Ilowever, 
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w i t h i n  10  pe rcen t  which r e s u l t s  i n  an u n c e r t a i n t y  of 26 percen t  i n  R2. 

E r r o r s  due t o  t h e  f i n i t e  dimensions of t h e  c e l l  should be s m a l l  because 

they  a f f e c t  t h e  d a t a  a t  very  l a t e  t i m e s .  Mass flow e f f e c t s  r e s u l t i n g  

from convect ion c u r r e n t s  would tend t o  cause  t h e  e s t i m a t e  of D t o  be  

too  l a r g e .  One s u s p e c t s  equa t ion  (17) would n o t  provide  a p a r t k u l a r l y  

good fit i f  mass f low d i f f i c u l t i e s  w e r e  present. T h e  f i t  is  reasonably 

good s o  t h a t  f o r  l a c k  of evidence t o  t h e  c o n t r a r y  i t  i s  assumed no such 

problem e x i s t e d .  It  is  hoped t h a t  u n c e r t a i n t y  from other sources i s  

small .  I f  one assumes  t h a t  t h e  f i t t i n g  procedure has  an i n h e r e n t  un- 

c e r t a i n t y  equal  t o  t h e  spread of t h e  two measurements, then t h i s ,  

combined wi th  t h e  u n c e r t a i n t y  i n  R2, y i e l d s  a t o t a l  u n c e r t a i n t y  about 

D = 0.12 crn2-sec-l of k 25K. 

D i r e c t l y  comparable dat:a f o r  cesium i n  argon have no t  been found 

29 a l though t h e r e  is d a t a  f o r  somewhat s imilar  systems.  Franzen 

measured va lues  o f  0.25 cm2-sec'l f o r  rubidium in argon and 0.31 c m  -sec 

for rubidium i n  neon. Due t o  t h e  increased  atomic weight ,  diffusion 

c o e f f i c i e n t s  o f  cesium should be smaller than  those  o f  rubidium far t h e  

same gas.  However, i t  has been sugges ted  t h a t  t h e  technique  used by 

Frarizen provides  only  approximate r e s u l t s  2 9 s  31. 

have been made of d i f f u s i o n  o f  t r a c e  amounts of xenon i n  a rgon  . 

2 -1 

Accurate  measurenients 

32 

2 These y i e l d  a D of 0.136 em -sec-', 

v e r y  s i m i l a r  t o  that: of xenon, a similar d i f f u s i o n  c o e f f i c i e n t  might be 

Since  cesium h a s  a n  atomic" weight 

expected. 
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3.4 The Reac t ion  of F ree  Cesium w i t h  Oxygen i n  an Argon Atmosphere 

The l a r g e  s i g n a l  t o  n o i s e  r a t i o s  combined w i t h  s l o w  t i m e  decay of 

--___ 

t h e  cesium popu la t ion  i n  pure a rgon  o f f e r e d  a n  e x c e l l e n t  oppor tun i ty  t o  

s t u d y  r e a c t i o n s  of cesium w i t h  s m a l l  amounts of an  i n t e n t i o n a l l y  added 

impur i ty .  Such s t u d i e s  w e r e  conducted w i t h  oxygen which i s  i n e r t  t o  

cesium i o d i d e  b u t  reacts v igo rous ly  w i t h  ce s ium.  F i g u r e  1 2  shows t h e  

e f f e c t  of adding  t h r e e  s m a l l  p a r t i a l  p r e s s u r e s  of oxygen i n t o  100 t o r r  

o f  argon.  The i o n i z a t i o n  s i g n a l  i s  c o n t r o l l e d  almost e n t i r e l y  by a 

s imple  e x p o n e n t i a l  term over  t h e  range  i n  t i m e  of F igu re  12 .  Losses 

due t o  o t h e r  i m p u r i t i e s  or d i f f u s i o n  are n e g l i g i b l e  as shown by t h e  

uppermost curve.  The s l o p e s  of  t h e  t h r e e  oxygen c u r v e s  y i e l d  the decay 

fo r ’oxygen  p a r t i a l  p r e s s u r e s  of0.01, 0.02, and 0.04 t o r r ,  r e spec t ive ly .  

These rates indicate a n e a r  l i n e a r  dependence on oxygen concen t r a t ion .  

Devia t ion  o f  t h e  rates from l i n e a r i t y  is probably  w i t h i n  exper imenta l  

error as d i f f i c u l t y  w a s  encountered mixing t h e  s m a l l  pe rcen tages  of  

oxygen used wi th  t h e  e x i s t i n g  appa ra tus .  A d d i t i o n a l  experiments  con- 

duc ted  a t  50 t o r r  of a rgon  r evea led  a l i n e a r  dependence on argon p r e s s u r e .  

An ave rage  of a l l  t h e  d a t a  a t  50 t o r r  and 100 torr r e s u l t s  i n  a decay 

rate of ( 7 . 5  k .7) X 10-30sec’1-particle-2-cm6, The l a r g e  u n c e r t a i n t y  i n  

t h e  decay i s  a r e s u l t  o f  t h e  d i f f i c u l t y  i n  add ing  t h e  small p a ‘ r t i a l  

p r e s s u r e s  of oxygen. 

s p e c i f i c  m i x  can  be determined q u i t e  a c c u r a t e l y .  

A s  shown i n  F igu re  1 2 ,  the decay c o n s t a n t s  of a 

Study a t  h i g h e r  p r e s s u r e  w a s  prevented by t h e  sudden loss of the 

i o n i z a t i o n  s i g n a l .  Th i s  i s  be l i eved  t o  be  t h e  r e s u l t  of e l e c t r o n  
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of d i l u t e  33 a t t achmen t  by oxygen molecules.  Attachment s t u d i e s  

oxygen i n  argon mix tu res  show a s t r o n g  tendency €or t h e  formation of 

heavy n e g a t i v e  i o n s  a t  t h e  p r e s s u r e s  and e l e c t r i c  f i e l d s  used i n  t h i s  

s t u d y .  The d r i f t  v e l o c i t y  of an e l e c t r o n  i s  hundreds of t i m e s  f a s t e r  

t han  t h a t  o f  a heavy n e g a t i v e  i o n .  Once a f r e e  e l e c t r o n  i s  a t t a c h e d  

t o  a n  oxygen molecule,  t h e  cha rge  is e s s e n t i a l l y  f r o z e n  i n  space.  

The p r e a m p l i f i e r  w i l l  n o t  b e  a b l e  t o  d e t e c t  any f u r t h e r  change i n  

v o l t a g e  a c r o s s  t h e  i o n i z a t i o n  p l a t e s  from t h i s  e l e c t r o n .  When a l a r g e  

f r a c t i o n  of t h e  e l e c t r o n s  are a t t a c h e d  qu ick ly ,  t hen  r f  noise of t h e  

i o n i z a t i o n  laser p u l s e  p r e v e n t s  a c c u r a t e  q u a n t i f i c a t i o n  of t h e  reduced 

s i g n a l  ampli tude.  The suddeness of t h e  s i g n a l  l o s s  w a s  s u r p r i s i n g .  

The l i n e a r i t y  of t h e  decay rate w i t h  b o t h  oxygen and argon i m p l i e s  

t h a t  t h e  r e a c t i o n  is a s s o c i a t i v e ,  t h a t  i s ,  cesium supe rox ide ,  Cs02 and 

n o t  C s O ,  is  t h e  r e a c t i o n  p roduc t .  The argon b u f f e r  gas  then  s e r v e s  a s  

a s t a b i l i z i n g  " t h i r d  body" and t h e  r e a c t i o n  is  w r i t t e n  i n  t h e  fol lowing 

form: 

Cs 4- + A r  -t Cs02 4- A r .  

S ince  t h e  supe rox ide  is t h e  s t a b l e s t  of t h e  ox ides  a t  moderate tempera- 

t u r e s  , no f u r t h e r  r e a c t i o n  w i t h  oxygen is expected.  The 34 

supe rox ide  can r e a c t  w i t h  water vapor and o t h e r  i m p u r i t i e s  i n  t h e  b u f f e r  

gas .  However, t h e s e  r a t e s  w i l l  occur  on a t i m e  scale  s i m i l a r  *to t h a t  of 

t h e  d i f f u s i o n  s t u d i e s .  

P rev ious  s t u d i e s  of t h e  r e a c t i o n s  of a l k a l i  m e t a l s  w i t h  oxygen 

35 , 36, 37 i n d i c a t e  t h a t  a t h r e e  body rate is  t o  b e  a n t i c i p a t e d  

Measurements of  t h e  r e a c t i o n  of cesium and oxygen a t  t empera tu res  com- 
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p a r a b l e  t o  those  o f  t h e  p r e s e n t  s tudy  have n o t  been found. However, 

Carabe t ta  and K a ~ k a n ~ ~  

wi th  oxygen i n  a hydrogen flame a t  1500 K.  They used n i t r o g e n  as t h e  

t h i r d  body and r epor t ed  rates o f  2 . 1  X 10-33sec-~1-particle-2-cm6 for 

cesium and .82 X 10-33sec-1-p,rticle-2--~m6 f o r  sodium. 

Evans measured t h e  r e a c t i o n  of sodium and oxygen i n  n i t r o g e n  a t  

600°K us ing  a d i f f u s i o n  flow technique.  

2 .2  X 1 0 - 3 0 s , c - 1 - p a r t i c l e - ~ - ~ ~ 6 .  

mellsured t h e  r e a c t i o n  of cesium and sodium 

Bawn and 

35  

They r e p o r t  a rate of 

A t  p r e s s u r e s  g r e a t e r  t han  1 0  t o r r  

of n i t r o g e n ,  t h e  r e a c t i o n  rate f a i l e d  t o  i n c r e a s e  l i n e a r l y  w i t h  

n i t r o g e n  p r e s s u r e .  This  was i n t e r p r e t e d  a s  a n  approach t o  t h e  

s t a b i l i z a t i o n  of all t h e  superoxide  molecules w i t h i n  t h e i r  l i f e t i m e s .  

The re fo re ,  t h e  r e a c t i o n  r a t e  was undergoing a t r a n s i t i o n  of c h a r a c t e r  

from te rmolecular  t o  bimolecular .  By curve  f i t t i n g ,  t h e  bimolecular  

r e a c t i o n  r a t e  and l i f e t i m e  of t h e  u n s t a b i l i z e d  sodium superoxide  were 

es t ima ted  t o  be 3 . 3  X 10-12se,-1-p,rticle-1-~m3and 2 X see. 

I n  view of t h e  r e s u l t s  of B a w n  and Evans 35, i t  is tempting to 

s p e c u l a t e  on t h e  p o s s i b i l i t y  of  observ ing  s i m i l a r  r e s u l t s  for cesium 

w i t h  t h e  p r e s e n t  appa ra tus .  Consider t h e  r e a c t i o n s :  

cs + 02 -+ (CsOp)’ kl 

(CSOZ)’ -+ cs 4- 0 2  k2 

(CSO~)’ + A -5 C S O ~  f A k3 

where C s ,  02and A are  t h e  concen t r a t ions  of t h e  r e a c t a n t s  and the k ’ s  

are t h e  r e a c t i o n  r a t e . c o n s t a n t s .  The r a t e  e q u a t i o n s  f o r  the. above 
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system are, 

- -  d(Cs) - -k, (Cs) (02 )  + k2(Cs02) * (18a) 
* d t  

The r e c i p r o c a l  l i f e t i m e  of t h e  u n s t a b i l i z e d  superoxide ,  k,, may be  

q u i t e  f a s t  compared t o  t h e  r a t e  of  format ion  of the. superoxide.  

t h i s  is t h e  case, then  t h e  popular ion  of ( C s 0 2 ) '  w i l l  be  much less 

I f  

than t h a t  of C s .  A l s o ,  t h e  t i m e  d e r i v a t i v e  of ( C S O ~ ) ~  w i l l  be s m a l l  

compared to t h a t  of  C s .  Therefore ,  an approximate s o l u t i o n  can be 

ob ta ined  i f  equa t ion  (18b) is s e t  equa l  t o  zero.  Then, 

S u b s t i t u t i o n  i n t o  equa t ion  (18a) y i e l d s ,  

superoxide .  When kZ >>k3A,  then t h e  f r a c t i o n a l  term i n  equa t ion  (20) 

can be expanded. Keeping the  f i r s t  two terms of  t h e  expans iononehas ,  

=-kl(cS) ( 0 2 )  (1 - 1 +'k3A/k2)  
d t  
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Here one o b t a i n s  a t h r e e  body r a t e  l i n e a r  i n  oxygen and argon concen- 

t r a t i o n s .  

The “harpooning model” i s  t h e  s i m p l e s t  t heo ry  which p r e d i c t s  

. For t h e  38,  39 r e a c t i o n  cross s e c t i o n s  r e s u l t i n g  i n  i o n i c  bonding 

c a s e  of Cs02 t h e  harpooning model provides  an  estimate o f  t h e  b imolecular  

ra te  of  forming t h e  u n s t a b i l i z e d  superoxide.  

and a lka l i -Br2  r e a c t i o n s ,  which a re  d i s s o c i a t i v e  and independent  of  

b u f f e r  gas  p r e s s u r e ,  g ive  r e s u l t s  ag ree ing  t o  w i t h i n  a f a c t o r  of two of  

t h e  harpooning model 13’ 1 4 .  

is  s imply n r  where 1: i s  t h e  d i s t a n c e  f o r  t h e  c r o s s i n g  o f  t h e  z e r o t h  

o r d e r  i o n i c  and cova len t  curves .  This  d i s t a n c e  i s  given  by 

S t u d i e s  of a l k a l i - 1 2  

I n  t h i s  theory ,  t h e  r e a r t i o n  c r o s s  s e c t i o n  

C C 

where I(Cs) i s  t h e  i o n i z a t i o n  p o t e n t i a l  of cesium and E(02) i s  t h e  

e l e c t r o n  a f f i n i t y  of t h e  oxygen molecule.  Therefore ,  assuming an 

e l e c t r o n  a f f i n i t y  o f 0 . 4 5  e V  ‘O, a r e a c t i o n  c r o s s  s e c t i o n ,  a, of  approxi-  

mately 50 A2 is obta ined .  

and an oxygen p a r t i a l  p r e s s u r e  of 0.01 t o r r  ( t h e  smallest p a r t i a l  

p r e s s u r e  of F igu re  12), t h e  b imolecular  ra te  €o r  t h e  format ion  of 

(Cs02)’ i s  given by 

0 

Assuming a c o l l i s i o n  v e l o c i t y  o f  4 X 104cm/sec 

9 =- aNv 

= 7 x l o 4  sec-1 . 
This  is  only  t e n  t i m e s  t h e  observed three-body decay o f  F i g u r e  1 2 .  

Therefortr ,  t he  r a t i o  kgA/k2 a s  conta ined  i n  Equat ion ( 2 1 )  could be 

approximately 1/10.  I n c r e a s i n g  t h e  argon p r e s s u r e  a f a c t o r  of t e n  
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might invalidate the three body decay rate and allow an estimation of 

kl to,be made. The chief obstacle to such a measurement is the problem 
i 

of electron attachment. A t  1000 t o r r  of argon, ionization signals might 

be quite small and require special effort to eliminate l a rge  uncertain- 

ties due to the laser rf noise transient. 



SUMMARY 

Study of t h e  i o n i z a t i o n  y i e l d  as  a func t ion  of d e t e c t o r  p u l s e  

i n t e n s i t y  i n d i c a t e s  t h e  process  can be  s t r o n g l y  s a t u r a t e d ,  t h a t  is ,  

a l l  of t h e  cesium atoms w i t h i n  t h e  d e t e c t o r  beam can  be  ion ized .  

Study of t h e  d i s s o c i a t i o n  p rocess  w i t h  a focused and thus  extremely 

i n t e n s e  s o u r c e  pulse i n d i c a t e s  t h a t  i n  the c e n t r a l  p o r t i o n  of t h e  beam 

t h i s  is a l s o  s a t u r a t e d .  These r e s u l t s ,  combined w i t h  a prev ious ly  

demonstrated a b i l i t y  t o  d e t e c t  s i n g l e  atoms of cesium, grove t h e  

a b i l i t y  t o  d e t e c t  s i n g l e  molecules of cesium iod ide .  

S a t u r a t i o n  of t h e  d i s s o c i a t i o n  process  p rov ides  a m e a s u r e  of t h e  

cesium i o d i d e  concen t r a t ion .  By s tudy ing  r e l a t i v e  i o n i z a t i o n  as a 

f u n c t i o n  of photons per  p u l s e  of t h e  d i s s o c i a t i n g  laser ,  and by 

accoun t ing  f o r  t h e  laser beam i n t e n s i t y  p r o f i l e ,  i t  was p o s s i b l e  to 

determine the a b s o l u t e  phutodi . ssoc ia t ion  of cesium i o d i d e  i n t o  i t s  

ground-s ta te  a tomic c o n s t i t u e n t s .  Knowledge of t h e  vapor  p r e s s u r e  of 

cesium i o d i d e  w a s  n o t  r equ i r ed ,  t hus  o b v i a t i n g  t h e  t a s k  of c o n s t r u c t i n g  

an i so the rma l  s a t u r a t e d  vapor  p r e s s u r e  c e l l .  

The d i s s o c i a t i o n / i o n i z a t i o n  technique has  an  exce l l en t  s ignal- to-  

By n o i s e  r a t i o  even i n  a s i m p l e  para l le l  pl-ate i o n i z a t i o n  chamber. 

s a t u r a t i n g  t h e  i o n i z a t i o n ,  s i g n a l  dependence on b u f f e r  gas p re s su re  o r  

d e t e c t o r  laser i n t e n s i t y  i s  e l imina ted  I Furthermore, t h e  i o n i z a t i o n  pulse  
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amplitude is linearly related to the absolute number of cesium atoms 

in the ionization beam. Therefore, the decay in number of free cesium 

atoms within the ionization beam can be followed for many orders of 

magnitude. 

Using a tightly focused source laser, free cesium atoms were 

created along the axis of the ionization beam. The functional form of 

diffusion transport out of the ionization volume, accounting also 

for reactions with impurities, is easily calculated. Diffusion trans- 

port was found to dominate the decay of cesium atoms out of the 

ionization column at argon pressures below 100 torr. 

of a diffusion coefficient was then accomplished rather directly by 

data fitting. 

to be 0.12 cm -sec More conventional 

techniques for the determination of diffusion coefficients require the 

gaseous components to be inert and noncondensing at the container walls. 

However, in the present study, this requirement was relaxed because 

diffusion was observed on a millisecond time scale far from the walls 

of the container. 

The extraction 

The diffusion coefficient of cesium in argon was found 

2 -1 - 4- 25% at atmospheric pressure. 

The reaction of cesium with oxygen in the atmosphere of an argon 

buffer gas was studied. 

resulting reactive decay occurred on a microsecond time scale. 

Diffusion processes then had a negligible influence on the time 

dependence of the cesium decay. A three-body reaction rate of 

(7.5 5 0.7) x sec particle cm was determined. This rate is 

Oxygen pressures were selected so that the 

-1 -2 6 
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a p p r o p r i a t e  t o  argon p r e s s u r e s  as h i g h  a t  'LOO t o r r .  The i o n i z a t i o n  

volume temperature  w a s  325 K. 
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