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ABSTRACT 

A series of experiments  were performed i n  which a  popula t ion  of 

f r e e  cesium atoms was c r ea t ed  by pho tod i s soc i a t i on  and then  d e t e c t e d  by 

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

The f i r s t  laser photodissoc ia ted  cesium i o d i d e  molecules  w i t h  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  l a s e r .  The second l a s e r ,  

u s ing  a  technique known a s  resonance i o n i z a t i o n  spec t roscopy ,  photo- 

i on i zed  t h e  cesium atoms w i t h i n  i t s  beam and is  c a l l e d  t h e  d e t e c t o r  

l a s e r .  The l a s e r  beams passed through t h e  c e n t e r  of 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  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 w i t h i n  a  c y l i n d e r  def ined  by t h e  l a s e r  beam and t h e  guarded 

i o n i z a t i o n  p l a t e  was c o l l e c t e d  and measured f o r  each pu l se .  

s tudy  of t h e  i b n i z a t i o n  y i e l d  a s  f u n c t i o n  of d e t e c t o r  l a s e r  

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  c y l i n d e r  can be ion ized .  

Study of t h e  d i s s o c i a t i o n  process  wZth 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  p rocess  i s  a l s o  s a t u r a t e d .  These r e s u l t s ,  combined with a pre- 

v i o u s l y  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, 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 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  provides  a  measure of t h e  

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

func t ion  of photons pe r  pu l se  of t h e  source  laser, and by account ing 

f o r ' t h e  l a s e r  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  t o  determine t h e  

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 i a t i on  of cesium i o d i d e  i n t o  i t s  



ground-state atomic constituents. Knowledge of the vapor pressure of 

cesium iodide was not required, thus obviating the task of constructing 

an isothermal saturated vapor pressure cell. Absolute cross sections 

for photodissociation of CsI as a function of wavelength are reported. 

The dissociation/ionization technique has an excellent signal-to- 

noise ratio even in a simple.paralle1-plate ionization chamber. By 

saturating the ionization, signal dependence on buffer gas pressure or 

detector laser intensity is eliminated. Yurtherniore, rhe ionizatiori 

pulse 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 cylinder 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 cylinder. The functional form 

of diffusion transport out of the cylinder, accounting also for reactions 

with impurities, is easily calculated. Diffusion transport was found to 

dominate the decay of cesium atoms out of the ionizatioricylinder at 

argon pressures below 100 torr. The extraction of a diffusion 

coefficient was then accomplished rather directly by data fitting. The 
, a 

diffusion coefficient of cesium in argon was found to be 0.12 - + 0.03 
2 - 1 

cm -sec at atmospheric pressure. More conventlunal Lecluliques 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 count,er. 



The r e a c t i o n  o f '  cesium wi th  oxygen w a s  observed by adding s m a l l  

p a r t i a l  p r e s s u r e s  of  oxygen t o  t h e  argon b u f f e r  gas .  Oxygen p r e s s u r e s  

were 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  r e a c t i v e  decay occurred on a micro- 

second t i m e  s c a l e .  The d i f f u s i o n  processes  had a n e g l i g i b l e  i n 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  r a t e  

- 1 -2 6 
of (7.5 - + 0.7) x s e c  - p a r t i c l e  -cm was determined. T h i s  r a t e  

is  a p p r o p r i a t e  t o  argon p re s su re s  a s  h igh  a s  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  was 325 K. 



SECTION 1 

INTRODUCTION 

Resonance'ionization spectroscopy (RIS) is a highly sensitive 

technique' for the measurement of absolute-populations of atomic 

species. In its simplest form, RIS is actiomplished by exciting atoms 

of the .desired state to an intermediate,.state by absorpt.ion of a photon 

from a laser tuned to thd.s transition wavelength. Absorption of an 

additional photon from the same laser can the intermediate 

state to the ionization continuum. If a high intensity pulsed laser 

is used, all of the atoms of the desired state can be photoionized. 

The rate limiting step in this case is the ionization probability of 

the excited state. 

The first use of RIS was a measurement of the absolute population 

1 of metastable He(2ls) following excitation with a' proton pulse . 
Each He(21~) was excited to He(3lP) and then ionized by a pulsed laser 

0 

tuned to 5015 A. To obtain photoionization saturation, a photon fluence 

of 2.5 X 1018 photons per cm2 per pulse was necessary. The actual 

ionization kingtics can be a great deal more complicated than degcribed 

so far. In the case of He(2l~), study of the ionization yield as a 

function of pressure indicated that at pressures of greater than 15 

torr, collision-induced associative ionization of the ~e(3lP) state 

occurred and saturation of ionization could be.produced at lower power 

levels. 



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 

of cesium w i t h  the 'RIS  technique  3 ' 4 .  I n  t h i s  experiment ,  cesium 

atoms were v o l a t i l i z e d  from a sou rce  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  coun te r  f i l l e d  w i t h  P10 gas  (90% - argon and 10%' methane). 
. . 

T h e ' c o u n t e r  was coupled t o  low n o i s e : e l e c t r o n i c s ,  p rov id ing  a system 

0 .  

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 l a s e r  tuned to'4555A 

was used t o  e x c i t e  t o  t h e  7 * ~  l e v e l  and then  i o n i z e  a l l  t h e  cesium 
312  

3 w i t h i n  a beam volume of  5 X 10"cm . The cesium suu~ct: s t ~ e n g ~ h  waa' 
' 

reduced u n t i l  one cesium i o n i z a t i o n  event  was counted p e 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.  concent raefon  t o  be inuch less 

t han  one atom. Th i s  experiment a l s o  demonstrated t h e  h i g h - s e l e c t i v i t y  . 
. 

o f  t h e  RIS p roces s  when i t  i s  considered t h e  ion iza t ion .vo lume  conta ined  
. . 

1017 atoms and molecules  of count ing  gas .  , . 

Because of energy l e v e l  apacing3, most elements rannnt he 

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 l a s e r s  w i th  tunab le  ou tpu t s  i n  t h e  u l t r a -  

5 
v i o l e t ,  v i s i b l e ,  and i n f r a r e d  s p e c t r a l  regiurts . However, m u l t i p l e  

l a s e r s  can be used t o  promote two o r  more resonant  s t e p s .  I n  a d d i t i o n ,  

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

6 by i o n i z a t i o n  can be s a w r a t e d  w i L 1 1  c u r r e n t l y  bvni lab lu  laser .sy.ste.ma . 
Therefore ,  RIS 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 .  

. . During t h e  cou r se  of t h e  cesium RIS work i t  'became d e s i r a b l e  to 
. . 

g a i n  some knowledge of t h e  t r a n s p o r t . a n d  decay of cesium vapor i n  a 

t y p i c a l  gas  atmosphere.  Sys temat ic  s t u d i e s  were n o t  Found of  cesium'  



reactivity.appropriate to the conditions encountered in the one- 

atom experiments. Therefore, this work was undertaken, to develop a 

simple method to determine reaction rates of cesium vapor with typical 

counting gas impurities.such as oxygen. Since the RIS technique . . . 

provides an excellent method for monitoring the atomic cesium popu- 

lation, all that was required was a means,of introducing cesium into 

,a known amount of impurity within the-RIS laser beam. 

Absorption of ultravioiet light has long been known to cause 

dissociation of a diatomic alkali-halide molecule into its atomic 

constituents " *. The dominant feature of alkali-halide absorption is 

a series of broad' continua. Starting on the long wavelength side, the 

first continuum- is interpreted as resulting in excitation to an 

intermediate molecular excited state which dissociates into ground state 
. . . . 

atoms. Absorption continua further into the ultraviolet are due to 

dissociation into particular excited states of either the alkali or 

halide atoms. Studies of the shape of the absorption continua resulted 

in estimates. of the excited molecular potent.ia.1~ 
9,10,11 

The technique of using photodissociation to create a population 

of atoms i n  a reactive atmosphere was first used by ~erenin 12. He 

studied the reaction of sodium with iodinevapor. More recently, the 

same technique has been used to study several alkali metal reacctions 

13,14 
.with halogens 

In this study, cesium iodide in the presence of a buffer gas was ' 

dissociated with a pulsed ultraviolet laser, which will be referred to 

as the source laser. This created a population of atoms at a well . 



de f ined  t ime and i n  a  compact, we l l  def ined ,  volume. A second pulsed 

l a s e r ,  w i t h  a bearn.that completely surrounded t h a t  of t h e  f i r s t ,  . 

photo ionized  . the c e s i u m . a f t e r  a  known t ime delay.  This  l a s e r  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  l a s e r .  It was determined t h a t .  f o r  s h o r t  

t i m e  d e l a y s ,  a l l  o f . t h e  cesium atoms were e a s i l y  ionized.  ..When focused, 

t h e . s o u r c e  l a s e r  genera ted  an extremely i n t e n s e  f luence .  . By accounting 

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 t ec t ed .  

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

enabied a de termina t ion  of t h e  a b s o l u t e  y11uLudissociation cross s e c t i o n  

as a f u n c t i o n  of wavelength. No independent knowledge of t h e  number 

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

G a s . 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  - . 

1 5  16 
i n t e r e s t  i n  t h e  p a s t  and a r e  a l s o  of  c u r r e n t  i n t e r e s t  . 
Conventional t echn iques  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  b e  i n e r t  and non-condensing a t  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 m a t e r i a l s  Lllese c ~ n d i t i o n s  can  oniy b e  

ach ieved  a t  h i g h . t e m p e r a t u r e s  and a r e  d i f f i c u l t  even, then. .  Condensable 

sys tems r e q u i r e  s p e c i a l  approaches s o  t h a t  d i f f u s i o n ' c a n  be s tud ied  f a r  

.from c o n t a i n e r  wa1l.s. Because of t h?s ,  t h e r e  aze few measureu~el~tu o f  

a l k a l i  me ta 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  o f  t h e  t ime decay of t h e  cesium s i g n a l  a t  low 

a rgon  p r e s s u r e s  i n d i c a t e d  a  non-exponentia'l decay. Th i s  was c o n s i s t e n t  

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 t h e  laser 

beam. Therefore ,  i t  was d e s i r e d  t o  conduct f u r t h e r  experiments  u s i n g  



a  t i g h t l y  focused source beam, pass ing along t h e  a x i s  of t h e  de tec to r  

beam. The t h e o r e t i c a l  behavior of t h i s  simple geometry accounting f o r  

d i f f u s i o n  and reac t ion  is e a s i l y  ca lc t i la ted .  A d i f f u s i o n  c o e f f i c i e n t  
. . 

can then be  ex t rac ted  by d a t a  f i t t i n g .  I f  r e a c t i v e  decay i s  due t o  

impur i t i e s  c o n s t i t u t i n g  a f ixed  per.centage of t h e  b u f f e r  gas ,  then two- 

body r e a c t i o n  r a t e s  w i l l .  s c a l e  l i n e a r l y  with p ressure  and three-body 

r e a c t i o n  r a t e s  - w i l l  s c a l e  q u a d r a t i c a l l y .  ~ l s o ,  t h e  d i f f u s i o n  

c ,oe f f i c i en t  w i i l  s c a l e  inver se ly  wi th  pressure .  A t  lqw pressures  i t  

.is conceivable 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 ap id  

t h a t  a l l  o t h e r  can be  neglected.  Ex t rac t ion  of a d i f fus ion  

c o e f f i c i e n t  would then 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 was undertaken. 

Small p a r t i a l  p ressu res  of oxygen were added t o  t h e  argon b u f f e r  gas. 

The r e s u l t i n g  time 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  

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

was obtained.  ' 



SECTION 2 

EXPERIMENTAL METHOD 

2.1 A Concept of the  Experiment 

.The experimental arrangement (Figure 1 )  u t i l i z e s  a  p a r a l l e l  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 c e l l .  Cesium iodide  

vapor i s  generated by hea t ing  a  sample cup p la ted  with C s I  c r y s t a l s  

beneath t h e  ion iza t ion  p l a t e s  and allowing the  vapor t o  d i f f u s e  through 

the buf fe r  gas i n t o  the  a c t i v e  volume. A narrow pulsed beam of W l i g h t  

obta ined from a  frequency-doubled tunable dye l a s e r  is passed through 

t h e  c e n t e r  of t h e  i o r i i z a t i o r ~  region.  This  UV pu l se  genera tes  n e u t r a l  

atomic 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  

the t e x t ,  as t h e  source  beam. A f t e r  a kuuwli time delay ,  p oaaond . ' 

l a s e r  beam of much l a r g e r  diameter  is pulsed through t h e  c e l l  along t h e  

same a x i s  a s  t h e  f i r s t .  This .  second l a s e r  i s  toned t o  i o n i z e  CS to 

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 of the  

c e l l  is  a  c y l i n d e r  def ined by t h e  a r e a  of th'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 the  

i o n i z a t i o n  a r e  c o l l e c t e d  a t  t h e  guarded p l a t e .  Th i s  p ~ ? l s e .  of 5 h a r g e . i ~  

ampl i f i ed  and s t o r e d  f o r  readout  by the  electronics. Tllus ,  a t  time 

t = 0, f r e e  Cs atoms a r e  produced a long Llle axis of  n cy l inder .  A t  some 

l a t e r  t ime,  t = r , t h e  i b n i z a t i o r ~  l a s e r  d e t e c t s  those  atoms t h a t  have 
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Figu re  1. The i f i t e r a c t i o n  c e l l .  The UV beam p h o t o d i s s o c i a t e s  cesium 
iod ide .  The v ' i s i b l e  beam i o n i z e s  f r e e  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  ?eacted wi th  i m p u r i t i e s  i n  t h e  

i n e r t  b u f f e r  gas. Data is  genera ted  by r e p e a t i n g  t h e  sequenc'e many . , 

t imes  w h i l e  v a r y i n g  a  s i n g l e  parameter ,  such  a s  time de l ay  o r  l a s e r  

i n t e n s i t y .  

2.2 ~ l e c t r o n i c s  and Data Acqu i s i t i on  . . . 

The expe r imen ta l  e l e c t r o n i c s  c o n t r o l  t h e ' d i s s o c i a t i o n - t o -  

i o n i z a t i o n  time d e l a y  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  

i n f o r m a t i o n  f o r  each  p u l s e  sequence (F igu re  2 ) .  The t h r e e  p i e c e s  o f  

information axe: , .(l) a s i g n a l  propottl&al t o  t h e  energy p e r  pcllse 

of  t h e  s o u r c e  l a s e r ;  ( 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 per  p u l s e  

o f  t h e  d e t e c t o r  l a s e r ;  and,  (3) t h e  resonance i o n i z a t i o n  s ' ignal .  J u s t  

b e f o r e  t h e  pulsed sou rce  beam e n t e r s  t h e  r e a c t i o n  c e l l ,  a  sma l 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  on to  , .  

a f l u o r e s c e n t  c a r d .  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 ie skence  g iven  o f f .  The d iode  g,enerates a  

s i g n a l  a c r d s s  t h e  load  resistor propur- t ional  to: t h e  t o t a l  cnctgy of t h e  

p u l s e  and h a s  a  shape  compatible  w i t h  n u c l e a 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  i s  a  f u n c t i o n  of wave1,exigth i f  i t  viewed tllk W d i r e c t l y .  

The re fo re ,  t h e  f l u o r e s c e n t  wavelength convers ion  was employed.>to improve 

t h e  wavelength response .  Neve r the l e s s ,  t h e  response  was n o t  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  

o f  wavelength. The v o l t a g e  p u l s e  a c r o s s  t h e  d iode  load  r e s i s t o r  i s  

a m p l i f i e d  and then  d i g i t i z e d  by a  100 channel  TMC 401 p u l s e  he ight  



Figure 2. The data acquisition hardware. 
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a n a l y z e r .  

  he sou rce  l a s e r  i s  f r e e  r u n n i n g . 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  l a s e r  can be  pulsed  only  abou t  eve ry  30 seconds.  

The re fo re ,  a n  Or t ec  418A coincidence.  g a t e  is enabled by t h e , o p e r a t o r  

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

s o u r c e  d iode  p u l s e  is  ga t ed  i n t o  t h e  memory of t h e  TMC p u l s e  he igh t  

a n a l y z e r .  This  p u l s e  a l s o  t r i g g e r s  t h e  d e t e c t o r  l a s e r  and a ~ i o m a t i o n  

t r a c e  r e c o r d e r  th rough a n  e l e c t r o n i c  de l ay  gene ra to r .  I o n i z a r f o n  

produced i n  t he  guarded p l a t e  reg ion  o f  t h e  r e a c t i o n  c e l l  is  ampl i f ied  

w i t h  a  charge  s e n s i t i v e  O r t e c  lO9A 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 .  T h i s  system has  an  RMS n o i s e  o f  abou t  500 e l e c t r o n s .  

However, r f ' n o i s e  from t h e  i o n i z a t i o n  l a s e r  r a i s e d  t h e  lower  l i m i t  o f .  

d e t e c t a b i l i t y  t o  abou t  3 X l o 4  e l e c t r o n s / p u l s e .  The i n t e n s i t y  of  t h e  

d e t e c t o r  l a s e r  is  monitored w i t h  a beam s p l i t t e r  and light s e n s i t i v e  
, . 

d iode  b i a s e d  through 50 ohms. The s i g n a l  generatGd 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 f s e  a r e  recorded  on a s i n g l e  o s c l l l u s c o p e  traee 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 n p u 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  is  delayed w i t h  r e s p e c t  t o  t h e  diode. w i t h  a n  Or t ec  427A 

d e l a y  a m p l i f i e r .  The a d d r e s s . o f  t h e  l a s t  sou rce  d iode  p u l s e  sto.red 

i n  t h e  PHA and t h e  two p u l s e s  s t o r e d  i ~ i  t h e  t r a c e  r e c o r d e r  a r e  recorded 

by t h e .  o p e r a t o r .  The PHA and t r a c e  r e c o r d e r  memories a r e  c l e a r e d  and,  

when t h e  i o n i z a t i o n  l a s e r  ,is ,.charged up, ' t he  n e x t  sequence  . i s  gated 

through.  

Time de l ays  a r e  genera ted  by.a Ruther ford  d i g i t a l  delay genera tor .  



Thi s  u n i t  i s  d r i v e n  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 s e c  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  was v e r i f i e d  wi th  a  

Tekt ronix  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  w i th  b a l l i s ' t i c  thermopiles .  The UV dource d iode  was c a l i b r a t e d  

w i t h  a  Quantronix'  ,503 thermopile .  .Thi-s 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  t o  produce a measurable  read.ing. The r ead ing  

was then  compared. t o  t h e  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  t h e  PHA. 

The d e t e c t o r  d iode  was c a l i b r a t e d  wi th  bo th  t h e  Quantronix 503 and 

Hadron 108 thermopiles .  Both manufac turers  c laimed 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  b u t  agreed 'only t o  w i t h i n  1 5  pe rcen t .  

2.3 The ~ 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  i s  a  s t a i n l e s s  s t e e l  chamber'connected t o  a  , 

good vacuum system; IJhen n o t  i n  u se  t h e  c e l l  was maintained a t  10'~ 

t o r r  o r  l e s s .  A t  t h e  bottom of t h e  c e l l  is a , t h i n  s t a i n l e s s  s t e e l  cup. 

Th 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 b lock  con ta in ing  an electrical h e a t e r .  Temperature of t he  cup 

is monitored w i t h  a  Chromel-Alumel thermocouple~mounted,,in t h e  copper 

b lock  nex t  t d  t h e  ? t e e 1  &up. The sample was prepared by p l a c i b g  a  

sma l l  chunk of C s I  i n  t h e  cup and' h e a t i n g  t h e  cup t o  me l t i ng  p o i n t  of  

C s Z  (905 K ) .  The CsI melted and coated 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  temperature o f ' t h e  cup is 625 K which produces a  

C s I  d e n s i t y  i n  the. l a s e r  beams of about  3 X 10*/cm3 f o r  most o p e r a t i n g  



cond i t ions .  A l l  s u r f a c e s ,  except  f o r  t h e  sample cup, were.maintained 

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

~ l u m e l  thermocouple t h a t  t h e  temperature of the  argon i n  t h e  tegion of 

t h e  l a s e r  beam was w i t h i n  5' of 325 K f o r  a l l  p ressu res  used i n  t h i s  

s tudy.   h he c e l l  windows a r e  quar t z  and a r e  mounted on small  ext&sions .  

The ex tens ions , r educe  t h e  chances t h a t  charge produced a t  t h e  windows 

by t h e  l a s e r s  w i l l  cause e l e c t r i c  f i e l d  changes i n  the  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  a r e  made of s t a i n l e s s  s t e e l  

wi th  ceramic i n s u l a t o r s .  The i o n i z a t i o n  p l a t e  sepa ra t ion  i s  2.7 cm. 

The guarded p l a t e  has a lengeh of 4 cm and il wlcltl~ of 2.5 cm. .It is .  

surrounded on a l l  f o u r . s i d e s  by a second p l a t e  of o u t s i d e  dimension? 
. :  

6.2 cm by 4.7 cm t o  e l i m i n a t e  spur ious  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  a r e  maintained a t  ground p o t e n t i a i  

whi le  t h e  o p p o s i t e  p l a t e  is  biased negative.  ' W i t h  el i is  arrangement 

all e l e c t r o n s  c rea ted  i n  t h e  guarded i o n i z a t i o n  reg ion  can be c o l l e c t e d  

by t h e  guarded pla ' te ,  while a l l  e l e c t r o n s  c rea ted  by photon i a t e ra . c t ions  

w i t h  t h e  windows o r  the w a l l s  can be  suppressed. 

Matheson p u r i t y , a r g o n  (99.9995%) was used wi thout  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 flowing system was 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  our-gasslng w i C h  ail exchange r o t c  of oncc 
. . 

p e r  two minutes. ~ e a s u r b m e n t s  of oxygen r e a c t i o n s  were done i n  a s t a t i c  

system due t o  l a c k  of a flow system capable of  mixing t h e  smal l  per- 

cen tages  of oxygen ( a l s o  Matheson p u r i t y ) .  However, t h i s  was found t o  

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

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



2.4 The Lase r s .  

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

CMX-4 pulsed  dye l a s e r .  Th i s  . l a s e r  u se s  a  l i n e a r  f l a s h  lamp wi th in  a n  

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 p o l e  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 l e .  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 v sec  (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  obta ined  wi th  an i n t r a - c a v i t y  doubl ing 
. . 

c r y s t a l . '  The v i s i b l e  o u t p u t  i s  removed w i t h  a  band p a s s  f i l t e r  j u s t .  . 

beyond t h e  o u t p u t  mi r ro r .  The l a s e r  beam d.iameter a t  t h e  i n t e r a d t i o n  

c e l l  i s  3 m i l l i m e t e r s .  Some measurements a r e  performed w i t h  a ' 5 0  crn 
. . . . 

focus  q u a r t z  -lens which produces a  d ivergence  l i m i t e d  beam o f  0.05 c n ~  

d i ame te r  i n  t h e  c e l l .  When s o  focused ,  t h e  l a s e r  produces a  fZuence . 

i n  t h e  c e l l  g r e a t e r  than 1017 photons/cm2. 

The d e t e c t o r  l a s e r  i s  a Phase-R 2100C pu l sed  dye l a s e r .  No tun ing  
. . 

element i s . u s e d  i n s i d e  t h e  c a v i t y ; '  c o a r s e  t un ing  i s  accomplished by 

p rope r  cho ice  o f  dye and s o l v e n t .  Las ing  a c t i o n  occu r s  a t  t h e  f l uo re s -  

c e n t  peak of ' t h e  mixture .  When used i n  th5s  .manner, t h e  l a s e r  ha s  a .  
0 

bandwidth of 40 A. Figu re  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  50X.H20 and 

50% methanol). ,  The f irst  spec t rum is w i t h  f r e s h  dye and pumps both t h e  

C S ( ~ ~ P , / , )  and C S ( ~ ~ P ~ , ~ )  s t a t e s .  When b o t h  s t a t e s  a r e  pumped, i on i za -  

: t i o n  s a t u r a t ' i o n  i s  e a s i l y  ach ieved .  ~f t b r  t h e  dye has  aged ( i . e .  , used 

. a b o u t  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  red  s u f f i c i e n t  t o  prevent  

. pumping o f  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  was checked f o r  f r e s h  and 





aged dye and t h e  imp l i ca t ions  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 l a s e r  energy is  

112 

produced wi th  a  pu l se  width o f . 0 . 3  psec. Lasing a c t i o n  is  obta ined  by 

d i scha rg ing  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 ' d y e  c e l l .  

The Marx Bank d i scha rge  is  accomplished by .b reak ing  down a spark-gap 

swi t ch  w i t h  a  h igh  v o l t a g e  - p u l s e .  The. o r i g i n a l  s p a r k  gap s u p p l i e d  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 was 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  

o f  a n  automobile  s p a r k  p lug  wi th  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  

&l ing  arrangement is  employed. A c losed  c y c l e  l oop  o f  coo l ing  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 i s  c i r c u l a t e d  through t h e ' h e a t  exchange c o i l s  i n  t h e  . 

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  lamp, wa te r ,  . 

and dye a r e  maintained a t  t h e  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  f l a s h  lamp. energy minus ' a . t h re sho1d  energy.  The 

t h r e s h o l d  is  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 h e  dye i t s e l f .  For t h i s  experiment ,  t h r e sho ld  corresponded t o  40 
. . 

. . 
pe rcen t  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  c r o s s  s e c t i o n ,  va r ious  
. . 

. . 

p a r t s  o f  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 ,  

t h e  i n t e n s i t y  p r o f i l e  of t h e  Phase-R l a s e r  is  most uniform a t  t h e  high- 

e s t  pumping i n t e n s i t i e s  of t h e  f l a s h  lamp. When s t u d y i n g  i o n i z a t i o n  



y i e l d '  a s  a .  f u n c t i o n  of  i n t e n s i t y ,  t h e  l a s e r  i s  maintained a t  maximum 

i n t e n s i t y .  The o u t p u t  beam is then  a t t e n u a t e d  by a s e r i e s  of  g l a s s  

s l i d e s  mounted s l i g h t l y  o f f - a x i s  t o  t h e  l a s e r  beam.' Each s l i d e  

s u r f a c e  r e f l e c t s  abou t  f o u r  p e r c e n t  of t he  l a s e r  i n t e n s i t y  and s o  

twenty s l i d e s  a r e , r e q u i r e d  t o  reduce t h e  beam i n t e n s i t y  t o  twenty 

p e r c e n t  o f  i t s  una t t enua ted  va lue .  tTeurral d e n s i t y  f i l t e r s  (e.g'. , 

g l a s s  a b s o r p t i o n  f i l t e r s  w i t h  aluminum c o a t i n g s )  a r e  n o t  used because 

of t h e  l i k e l i h o o d  o f  damage by 0.4 J puises .  

The ou tpu t  o f  t h e  Phase-R l a s e r  i s  passed through's ~2 double- 

convex beam reducing  t e l e s c o p e .  The beam diameter al: t h e  i o n i z a t i o n  

c e l l  is  (6.5 k Q 5 )  mm.and was determined by measuring burn p a t t e r n s  

on  carbon paper  and developed p o l a r o i d  f i lm .  



SECTION 3 

EXPERIMENTAL RESULTS AND DISCUSSION 
I 

, . . . 

3.1 ,Pho to ion iza t ion  of Cesium 

. When an atom of cesium is i r r a d i a t e d  wi th  photons from a  l a s e r  

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

one n e g l e c t s  a l l  o t h e r  processes ,  then a n , e x c i t e d  s t a t e  s o  produced 

w i l l  decay by e i t h e r  spontaneous decay br s t imula ted  emission. A high 

i n t e n s i t y  ' l a se r  pulse  can b r ing  a  populat ion of .ces ium atoms i n t o  an . .  

equ i l ib r ium where r a t e  of e x c i t a t i o n  by absorpt ion  is .  t h e  same a s  the  

r a t e  of de-exci ta t ion .  The r a t e  of de-exci ta t ion  by s t imula ted  

emission can be much l a r g e r  than the  r a t e  of spontaneous decay. Thus, 

equi l ibr ium can be es t ab l i shed  very rap id ly  during the  course  of the  

l a s e r  pulse  and can e x i s t  throughout most of the  t i m e  du ra t ion  of the  

pulse.  The r a t i o  of the  populat ion of the  exci ted  s t a t e  t o  t h e  ground 

s t a t e . i s  then simply t h e  r a t i o  of the  degenerate magnet ic ' subs ta tes  af  . 

t he  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  occurs i n  a  buf fe r  gas 

such t h a t  many c o l l i s i o n s  occur dur ing  a  time comparable t o  t h e  l i f e -  

t i m e  o f , f h e  exc i t ed  s t a t e  and a l l  memory of the  e x c i t a t i o n  prockss i s  

l o s t .  ' ~ l t h o u ~ h  no c o l l i s i o n a l  depo la r i za t ion  da ta .  f o r  t h e  C s  7 2 ~  l e v e l s  

has been found, mich da ta  e x i s t s  f o r  o the r  a l k a l i  metal  e x c i t e d  s t a t e s .  

A depo la r i za t ion  c r o s s  s e c t i o n  of 6 X 10-l5 cm2. f o r  C s  6 2 ~  l e v e l  i n  



1 7  
a rgon  seems t o  be  t y p i c a l .  Such a  c r o s s  s e c t i o n  would make the  

degeneracy assumpt ion  q u i t e  v a l i d  a t  t h e  p reksu re s  o f  t h i s  s t udy .  1n 

. . 
o.rder t o  e s t a b l i s h  e q u i l i b r i u m  i t  is '  r e q u i r e d  t h a t  

where f  (u) is  t h e .  photon f l u x  pe r  u n i t  f  reque*cy, a is t h e  c r o s s  
u l  

s e c t i o n  f o r . s t i m u l a t e d  emiss ion  and y i s - t h e  spontaneous decay r a t e  
UX 

o f  t h e  e x c i t e d  s t a t e .  The i o n i z a t i o n  l a s e r  is  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  o v e r  t h e  a b s o r p t i o n  i n t e g r a l .  Furthemiore,  t h e  
. . 

w e l l  known E i n s t e i n . f o r m u l a  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  

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

decay  r a t e  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  equa t ion  (2) 

i n t o  e q u a t i o n  (1) and s o l v i n g  f o r  f ( u )  y f e l d s ,  
. . 

According t o  F igu re  4 ,  . spontaneous decay d i i - e c t l y  . t o  t h e  ground s t a t e  

. i s  much 'less f r e q u e n t  t h a n  spontaneous decay through o t h e r  channels ,  .' 

' 0 

p a r t i c u l a r l y .  t h e  . 6 2 ~  l e v e l s .  Also,  t h e  40 A ElJHM bandspread of  t h e  

d e t e c t o r  laser is  much b roade r  than  most pu lsed  lasers. ~ h e r e f b r e ,  

h i g h e r  t h a n  expec ted  photon f l u e n c e s  w i l l  be r e q u i r e d  t o ,  e s t a b l i s h  t h e  
n 

e q u i l i b r i u m .  Assuming a  f requency bandwidth a p p r o p r i a t e  t o  40 A,  
0 

wavelength'  sp read  c e n t e r e d  a t  4593 A,  and a l a s e r  p u l s e  l e n g t h  of .5 

usec ,  t hen  equa t ion  (3) p r e d i c t s  t h a t  photon f l u e n c e s  much 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. 



than  100 m ~ / c m ~ w i l l  be  r equ i red  t o  b r ing  the  7 2 ~ 1 .  2 l e v e l  i n t o  I 
equ i l ib r ium with t h e  ground s t a t e .  

Photoioniza t ion  by 7 2 ~  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  s t a t e s  populated by spontaneous decay' of the  7 2 ~ '  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 .  5 2 ~ ,  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  i o n i z a t i o n  y i e l d  .is exp.ected. Life- , 

' 

t imes of t h e  5 2 ~  l e v e l s  a r e  approximately 'a microsecond and s o  con- 

s i d e r a b l e  popu1a;tion of  t h e s e  l e v e l s  might occur dur ing  a l a s e r  pu l se . :  
. . 

J.8 
Elanson, e t  a l .  , c a l c u l a t e  a photoioniza 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  (neg lec t ing  sp in -o rb i t  coupling) equal  t o  4.5 X 10-l8 cm2. 

Manson l9 a l s o  f i n d s  t h e  c r o s s  s e c t i o n  f o r  pho to ion iza t ion  of ;he 5d ' ' . , 

t o  be  2.4 X 10-l7 cm2, a  f a c t o r  of 5 g r e a t e r .  Both c ross  s e c t i o n s  a r e  

quoted f o r  ' the resonance wavelength of the  7p l e v e l .  Therefore,  a t  

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 the  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 .  Also, the  photon f luence  requi red  t o  make a$ un i ty  

f o r  t h e  jp l e v e l  corresponds t o  an energy d e n s i t y  of approximately 100 

mil/crn2. Therefore,  ' the f i r s t  e x c i t a t i o n  processes  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 per  pulse .  This  is unusual and i s  c h i e f l y  

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

F igure  !!I i s  a vo l t age  s a t u r a t i o n  curve showing the 3,onfzaclon 

y i e l d  a s  a  funct ion  of E / P  where E i s  t h e  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 pressure .  This  was obtained 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  l a s e r s .  This  curve  remained r e l a t i v e -  

l y  cons tan t  over t h e  range o f  argon p ressures  used (25-400 t o r r ) .  Over 

-1 - 1 
t h e . f l a t  port ' ion of t h e  curve ,  from 0.5 t o  2.0 volts-cm'  - t o r r  , a l l  of '  





t h e  e l e c t r o n s  c rea ted  by t h e  d e t e c t o r  l a s e r  pulse  a r e  c o l l e c t e d .  A t  

t h e  lower vaues of E/P t h e r e  a r e  l o s s e s  due t o  recombination. A t  

h i g h e r  v a l u e s  of E/P, e l e c t r o n  m u l t i p l i c a t i o n  begins t o  occur.  Also, 

v o l t a g e  d ischarge  w i l l  occur which s a t u r a t e s  t h e  e lec ' t ronics .  

Operat ion of the  i o n i z a t i o n  p l a t e s  wi th in  t h e  p la teau  region 

a s s u r e s  t h e  absence of space charge e f f e c t s .  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  high enough t o . c a u s e  space charge e f f e c t s  

t h e r e  would be..no p la teau .  Care was taken t o  avoid space  charge: dur ing  

a l l  d a t a  a c q u i s i t i o n .  . . .  . 

Figure 6 shows i o n i n a t i o n  y i c l d  no n funai ion  of t h e  d e t a c t o r  

l a s , e r ' 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  da ta  is f o r  a  

f i x e d  i n t e n s i t y  of t h e  source  l a s e r .  Strong s a t u r a t i o n  i s  seen wi'th 

l i t t l e  dependence.on the  b u f f e r  gas pressure .  Figure 7 shows i o n i z a t i o n  . . 

y i e l d  a s  a  . function of i n t e n s i t y  a f t e r  t h e  dye has aged wi th  s e v e r a l  

hundred pulses .  Comparing t h e  two f i g u r e s ,  d a t a  taken a t  100 t o r r  show 

l i t t l e  dependence on t h e  age of  t h e  dye. Data f o r  25  t o r r  show t h a t  

s a t u r a t i o n  r e q u i r e s  a  much higher  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 both  the  

C S ( ~ ~ P ~  2) and C S ( ~ ~ P ~ , ~ )  l e v e l s .  A s  t h e  dye ages t h e r e  is a  s l i g h t  
1 

spectrum s h i f t  toward longer  u ivelengihs .  The s h l f t  greatly decreases 

d i r e c t  e x c i t a t i o n  of t h e  7 2 ~  l e v e l ,  a s  shown i n  Figure 3. However, 
3/2 

t h e  7 * ~  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  wi th  t h e  
312 

argon b u f f e r  gas. The mixing is p ressure  dependent wi th  a  c r o s s  

s e c t i o n  of 1 . 2  X 10-17 cm2 ( 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  of 

4 X l o 4  cm/sec, a  mixing r a t e  of 1 .5  X lo4  P t o r f l s e c - l  is  obta ined 
. . 
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where P  is. the  argon pressure .  The product of r a t e  and a  pu l se  ' 

length  of .5 psec i s  u n i t y  a t  220 t o r r .  .Co l l i s iona l .mix ing  of the  

7 2 ~  and 6 2 ~  l e v e l s  i s  poss ib le .  However,. t he  c r o s s  s e c t i b n  f o r  t h i s  

mixing i s  on the  o rde r  of 1-3 X 10-20cm2 ( r e f .  20). Therefore, photo- 

i o n i z a t i o n  from the  6d l e v e l s  shou ld .be  of no consequence. The 

i o n i z a t i o n  s a t u r a t i o n  pressure  dependence n e c e s s i t a t e d  f requent  .dye 

changes when working a t  p ressu res  below 100 t o r r .  . , 

Depopulation o r  quenching of exc i t ed  s t a t e s  of  a l k a l i  metals  hy 
. . 

molecular p e r t u r b e r s  i s ' w e l l  known t o  have l a r g e  c r o s s  sec t ions .  

Although no quenching d a t a  have been found f o r  C S ( ~ ~ P ) ,  'much d a t a  

e x i s t s  f o r  t h e  f i r s t  exc i t ed  s t a t e s  of many a l k a l i  metals .  Typical. . 

values range from 1 0 - ~ ~ c m *  to 1 0 - ~ ~ c r n ~  depending on t h e  gas and the  

a l k a l i  meta ls  21' 2 2 s  23. These c r o s s  s e c t i o n s  would r e q u i r e  u& 

reasonably high concentra t ions  of impur i t i e s  i n  order  t o  have an '  

apprec iab le  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, bLt i n '  each case  i t  was found 

21, 23 
the  ' c ross  s e c t i o n  was l e s s  than t h e  lower l i m i t  of d e t e c t a b i l i t y  

' s ince  t h e  photoioniza t ion  p ressure  dependence i n  Figure 7 ' i s  inverse 

t o  what one expects  from quenching, i t  is' f e l t  tha 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 t e p o r t s  i n  experimental  determinatibn of t h e  phbrb- 

i o n i z a t i o n  c r o s s  s e c t i o n s  of t h e  72p and' 7 i ~ 3 , 2  l e v e l s  wi th  
112 

c i r c u l a r l y  polar ized  resonance r a d i a t i o n  a s  (6.2 2 0.5) X 10-18cm2 and 

(8.8 t 1..6) X 1 0 ' ~ ~ c m ~  , r e spec t ive ly .  A dye l a s e r  was used i n  t h i s  

experiment wi th  pu l ses  of % psec dura t ion .  Cross s e c t i o n s  were obtained 



by measuring the  beam p r o f i l e  and then da ta  f i t t i n g  t h e  non-linear , 

' i o n i z a t i o n  y i e l d  a s  a  func t ion  of i n t e n s i t y .  It was f e l t  t h a t  about 

90 pe rcen t  of t h e  cesium was ionized a t  the  maximum i n t e n s i t i e s .  A 

s p e c i f i c  accounting of t h e  5*D photoioniza t ion  channel was no t  given. 

However, ' t h e .  r e s u l t s  a r e  i n  reasonable. agreement wi th  Manson1 s 

18,19 
c a l c u l a t i o n s .  . They do point  out  the  need f o r  accounting f o r  spin- 

. . 

An accura te  de terminat ion  of photoioniza t ion  c r o s s  s e c t i o n s  was 

n o t  at tempted i n  t h e  p resen t  work because of s e v e r a l  complications. 

Dual e x c i t a t i o n  .of t h e  7 2 ~  and y2p3 2 f eve lu ,  as w e l l  83 f a i l u r e  t* 
l i2  / 

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  equi l ibr ium a t  low. in tens i t . i e s ,  '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 reduct 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  the  l a s i n g  c a v i t y  produce much narrqwer 

bandwidth dutputs, .  Then a  s i n g l e  7 ' ~  l e v e l  could be exc i t ed  and br'oughf 
. . 

i n t o  equ i l ib r ium wi th  t h e  ground s t a t e .  Since t h e  d i s s o c i a t i o n  l a s e r  

has. a' beam diameter of only half '  t h a t  'of t h e  i o n i z a t i o n ,  l a s e r ,  problems ' 

of beam 'non-unifbmlry a t  t h e  edges a r e  avaidcd. Croas occtiono of 

bo th  t h e  5 2 ~  l e v e l s  and t h e  7 2 ~  l e v e l s  i t  t h e  wavelengths of , t h e  

a p p r o p r i a t e  7 2 ~  unpolarized resonance r a d i a t i o n  could be obtained .by 

modeling. Figure 6 i n d i c a t e s  ehae some reduc t ion .  i n '  piilse i n t e n s i t y  ' . . 

could be t o l e r a t e d  wi thout  l o s s .  of 'accuracy. 

3.2 Satura ted  Pho tod i s soc ia t ion  

With s u f f i c i e n t  f luence  t#O t o  s a t u r a t e  t h e  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  the  laser .beam,  s t u d i e s  were made of the  



photodissocia t ion  process; These s t u d i e s  were performed i n  100 t o r r  ' 

of argon wi th  a source-to-detector t i m e  delay of 100 psec. It was 

determined i n .  the  d i f f u s i o n  s t u d i e s  t h a t  l o s s e s  due t o  d i f f u s i o n  o r  

chemical r e a c t i o n s  under these  condit ions,  were n e g l i g i b l e .  No 

i o n i z a t i o n  s i g n a l s  were observed due t o . ' t h e  source l a s e r  a lone .  

2 5 
Berkowitz observed ion ' izat ion.with a photoioniza t ion  mass spectro-  

meter o i l y  when the  photon energy exceeded 7 e V .  . 

. Figure  8 shows' the i o n i z a t i o n  s i g n a l  a s  a. funct ion  of t h e  number. 
. . 

of photons i n  a s i n g l e  pu l se  of t h e  source l a s e r ,  both  f o r  a' focused 

and unfocused beam. Ion iza t ion  y i e l d  is l i n e a r  wi th  i n t e n s i t y  f o r  the  

unfocused but  showing a degree of s a t u r a t i o n  f o r  the  focused beam. 

The focused beam i o n i z a t i o n  does no t  reach a n ,  asymptotic va lue  because 

of a non-uniform beam p r o f i l e .  The edges of the  beam,are ,no ' t  sharp. 

A t  high pulse  i n t e n s i t i e s ,  a s i z a b l e  f r a c t i o n  of  t h e  t o t a l  number of 

d ' issociated atqms w i l l  come from t h e  o u t e r  edge of t h e  beam which never 

s a t u r a t e s .  . . . . 

' To o b t a i n  t h e  cesium pho'toproduction c r o s s  s e c t i o n ,  a, t he  follow- 

ing  a n a l y s i s  was made. A Gaussian beam is assumed f o r  t h e  source 
. . 

photon f luence  a ( p ) ,  ' ' ' . 

, . 
. . 

where + O  i s  the  f lbence '  when t h e  r ad ius  p = 0, and R i s  a cons tbnt .  The 

appropr ia teness  of t h i s  assumption was roughly confirmed by d i r e c t  

photographs of a ' h i g h l y  a t t enua ted  focused beam. The d i s s o c i a t i o n  

p r o b a b i l i t y  of  a s i n g l e  molecule i s  assumed t o  be  



P($(P)) = l-exp(-u$(p)). ( 5 )  
. . 

The photoproduction y i e l d  per  u n i t  length  of t h e  l a s e r  beam n  i s  I 

given by, 

where N i s .  the  number d e n s i t y  'of cesium iodide  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 us ing  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 some cons tan t s  t o  the  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  f o r  t h i s  equat ion  i s  given fa lnregral Cables as 

n  
I - ~ ~ f i n ~ + ~ - ~ ~ ~ ( u ~ ~ ) ,  . F(uJla> ' , ( 8 )  

where El i s  the  exponent ia l  i n t e g r a l  and y i s  Euler ' s .  cons tant  
. . 

thnk for u + ~ c ~ l ,  . In the 111111t UJIO .C 0 ,  P(uSU) ~ I E u  .3Q 
. . . , 

. . 
the q u a M i t v  nR2+,-, i s  j u s t  t h e  a r e a  i n t e g r a l  of . t h e  Gaussian photon 

f luence .  This asymptotic  s o l u t i o n  has t h e  same l i n e a r  dependence on . 

t h e  number of photons pe r  pu l se  -as t h e  experimental  unfocused beam data .  

Since. t h e  funct ion  ~(640.) f o r  a40 -+ O is  c ? $ ~  i t s e l f ,  i t  Is coa.veaient 

t o  work wi th  t h e  r a t i o  F(U$~)/U$~. Since t h e  unfocused s i g n a l  shows no 

s i g n . o f  s a t u r a t i o n ,  t h i s  r a t i o  i s ' j u s t  t h e , r a t i o  of t h e  focused s i g n a l  

t o  t h e  unfoc'used s i g n a l  when both s i g n a l s  a r e  measured a t  t h e  same 
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number o f .pho tons  per  p u l s e . :  For a  given t o t a l  number of photons 

(I used 2.5 X 1014 s i n c e  i t  f a l l s  wi th in  t h e  l a r g e s t  . c l u s t e r  of da ta  

p o i n t s ) ,  t h e  va lue   of'^$^ was found t h a t  made F ( U $ ~ ) / U @ ~  equal  t o  t h e  

experimental .  r a t i o  (0.41). To complete the  a n a l y s i s  f o r  the  cross  

s e c t i o n ,  must be determined. This  was done by measuring t h e  energy 

t r a n s m i t t e d  through a  smal l  p inho le  of 025.mm diameter placed a t  the  
. , 

beam focus wi th  a  Molectron 53 p y r o e l e c t r i c  Joulemeter.  I n  t h i s  way, 
0 

i t  was found a t  3175 A t h e  photoproduction c r o s s  s e c t i o n  01 cesium i s  

2.9 X 10-I cm2. . The p red ic ted  (based on' equation (8)) i o n i z a t i o n  y i e l d  

of the ~ O C I J S P A  snllree beam is sl~own as n smooth curve throiigh the  

focused beam da ta  of  Figure  8. 

Figure 9 shows the  cro,ss  s e c t i o n  f o r  the  production of n e u t r a l  

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

w a 3  obta ined by s ra l i .ng  t h e  ionieaclon y l e l d  p e i  photon t o  t h a t  of 
a 

31,75 A data f o r  an  unfocused beam. The photoabsorption c r o s s  sec t ion  

determined a t  1000'.'K (ref. I f )  is  shown i n  Figure 9 ns a smooth curve. The 

- preserir resulLs liavc a func t iona l  form which is  s im$lar  t o  t h a t  of 

photoabsorption and agree  . to w i t h i n  a  few, pe rcen t  o f '  thos@ of photo- 

absnrp t ion  a t  the  peak. The p resen t  r e s u l t s  a r e  much narrower than 

' t h e  absorp t ion  d a t a .  This  is  a t t r i b u t e d  t o  t h e  lower temperature used 

h e r e  ( 3 2 5 : ~ )  so t h a t  t h e r e  is  f a r  less populglluu uE t h e . h i g h c r '  

9. : 
v i b r a t i o n a l  s t a t e s  of  t h e  C s I  molecules . With t h e  p resen t  technique, 

a  knowledge of the number dens f ty  (o r  vapor pressure)  of t h e  CsI, .  

molecules was n o t  requi red .  - R e s u l t s  a r e  obtained us ing s i g n a l  s t r eng th  

. i n  r e l a t i v e  u n i t s .  Also, a n  e x p l i c f t  determination of t h e  C a u ~ s i a n  
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Figure 9. Cross section for the photoproduction of cesium from CsI as a 

function of wavelength. The photoabsorption data of Ref. 11 
is shown as a smooth curve. 



parameter,. R, .is tiot.required. Of course, reasonably good agreement 

of the,beam profile, $ ( p ) ,  to equation (4) is required. 

Alkali halide.vapors are known to contain significant amounts of 

dimers and, in some cases, tri,mers 25 - 28. However, cesium halides 

have the least tendency to form dimers. Observable concentration9 of 

cesium iodide dimers'have not been found at 700 K using mass spectro- , 

25, 27 
scopic techniques . Also, Davidovits . . could see no evidence of 

11. . CsI. dimer absorption in the wavelength region o f  this study , . 
Furthermore, our measurements were made at very much lower density of 

CsI than wa$ previously possible, thus, in any Pvent, our data chould 

be more free of dimer effects. . 

3 . 3  Diffusion - of Cesium in Argon 

Our experimental geometry (Figure 1)' is ideally suited to measure- 

ments of diffusion of'alkali atoms in various atmospheres. . Because of 

the well defined source and detector geometry, the effects of the. 

apparatus waiis can be entirely neglected. We proceed now ,to,sol.ve the 
. . 

diffusion equation appropriate to our measurements. At time, t = 0, 

+ 
the cesium population n(r,t) is assumed to be ', 

n(:,t) = 6(x)6(y)6(z-zO) (9) 

-k 
The behavior'.of n(r,t) is simply the solution to the. equation,. 

subject to the"initia1 conditions' of' equation (9), where D is the 
. 

diffusion coefficient of the cesium in argon. It can be shown that the 



s o l u t i o n  t o  equations (9) and (10) is ,  

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

per  u n i t  l eng th  a t  t = 0, the  popula t ion  dens i ty  N(p, t)  is  given by, 

+ -+ 
where r o  = kzo and p = i x 2  + Y2 . S u b s t i t u t i o n  of  equation ( l l ) ' . i n t o  

equat ion  (12) y i e l d s  the  express ion,  

Performing the  i n t e g r a t i o n ,  t h e  fol lowing r e s u l t  i s  obtained,  

  here fore, the  cesium population, N ( t )  , contained wi th in  a  cyl inder  <R 

of u n i t  length  and rad ius  R i s  given by 
+ 

. . 
Evaluating t h i s  i n t e g r a l ,  i t  i s  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  

populatio'n wi th in  t h e  cy l inder  i s  given by, 

For s i tua t ' i on?  "he& the  d i f f u s i n g  medium is not  f r e e  of r e a c t i v e  com- 

ponents, then equatf on (10) 'becomes' 

an(: t, 
DP2n-bn , ' 

-A- = 
a t  (16) 



where 8 i s  the  r e a c t i v e  ,decay constant .  

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 wi th in  a ' c y l i n d e r  of 
. . 

r a d i u s  R . a t  time t is  then given by 

. . 

Experimental d a t a  was f i t  t o  r e l a t i o n '  (17) by an i t e r a t i v e  process 

which assumed a  va lue  f o r  D and solved f o r  B' a t  s e v e r a l  t i m e  delays.  

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

8 ' s  a t  t h e  var ious  de lays .  

F igure  10 shows da ta  of  the  i o n i z a t i o n  s i g n a l  a s . a  func t ion  of . 

time' a t  25 tprr ~f argon. A t  very e a r l y  t imes,  few of t h e  atoms have 

d i f f u s e d  f a r  enough . to  escape the  i o n i z a t i o n  cy l inder .  This  produces 

an  i n i t i a l  slow decay. ' In t e rmedia te  times have t h e  most r a p i d  decay 

b u t  t h e  r a t e  of decay decreases  and d e t e c t a b l e  s i g n a l s  a r e  s t i l l  p resen t  

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

f i t  obta ined t o  e q u a t i o n  (17) and represen t s  s $ = 0 and D = 0.11 cm2- 

sec- l  81: atmospheric pressure. The curve deviate0 aomcwhat from t h e  data 

a t  very  e a r l y  t imes.  This  may be the  r e s u l t  of a f a i l u r e  t o  proper ly  . 

. . 

normal ize  the  d a t a  a t  t ime, t = 0 .  The dev ia t ion  a t  very l a r g e  times 

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 a ~ l y  unbounded. An es t ima te  of the delay  rime when L l l r  w L l l  e f f e c t s  

should  begin t o  play a s o l e  can be est imetcd by .solving equation (1.7') 

f o r  t when R = 1 . 4  cm, the  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 I X  = 0.90. The s o l u t i o n  is  found t o  b e  64 mi l l i seconds  and, 

i n  f a c t ,  no depar tu re  of t h e  da ta  from t h e  t h e o r e t i c a l  curve  ii seen 
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Figure  10 . '  R e l a t i v e  cesium atom s i g n a l  a s . a  f u n c t i o n  of t ime i n  25 t o r r  

of pure  argon. 



u n t i l  a f t e r  t h i s  t i m e .  

F igure  11 shows i o n i z a t i o n  da ta  taken a t  50 t o r r  of argon. Here 

t h e  decay i s  s l i g h t l y  more ra'pid. This is' contrary  t o  the  s i t u a t i o n  of  

pure  d i f f u s i o n ,  t h e r e f o r e ,  considerably f a s t e r  r e a c t i v e  processes a r e  

involved,  a t  50 t o r r  compared t o  '25 t o r r .  The b e s t  ' f i t  obtained t o  t h e  

2  -1 d a t a  was 6 = 10-  3 sec-' and D = 0.14 cm -sec a t  atmospheric p tessure .  

A good f i t  wf t h  t h e s e  parameters was ob ta ined .over  the  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 lay  a  s i g n i f i c a n t  r o l e  a t  l a t e  times a t  

50 t o r r  because r e a c t i o n  l o s s e s  dominate the  decay processes.  The 
. . 

i n c r e a s e  In the  p;?rai~rCter [j from 0  a t  1 5  torr tn 10 sec-' a t  50 t o r r  
. . 

does no t  imply a  th resho 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 is not  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  B t o  al low a 

b e t t e r  choice .  

Addi t ional  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  a r e  too  f a s t  t o  al low accura te  determination 

of D, Also, t h e r e  is an  i n d i c a t i o n  of o t h e r  processes which may be  

a s s o c i a t e d  with'mask flow e f f e c t s .  

2 A mean value  of D f o r  t h e .  two s tud ied  is  0.12 cm -sec-l 

a t  a t m o s p h e r ~ c  p ressure .  The two v a l u e s  agree  t o  wi th in  1 5  percent  of  

t h i s  mean. Addi t ional  unce r t a in ty  was introduced by'thbc edges of the  

d e t e c t o r  beam. The type of l a s e r  c a v i t y  combined wi th  t h e  te lescope 

o p t i c s  provided a  reasonably sharp edge of t h e  . . beam contour. Also ,  the 

beam was ape r tu red  j u s t  be fo re  e n t e r i n g  t h e  i o n i z a t i o n  c e l l .  However, 

t h e  e a s e  of i o n i z a t i o n  with t h i s  i n t e n s e  pulse  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 is  f e l t  t o  be determiried t o  
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Figure 11.. Rela t ive  cesium atom s i g n a l  as a funct ioncf  time i n  50 t o r r  
of pure argon. 



w i t h i n  1 0  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 20 pe rcen t  i n  R ~ .  

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 1 , b e c a ~ s e  

t h e y  a f f e c t .  t h e  d a t a  a t  ve ry  l a t e  t imes. Mass flow e f f e c t s . r e s u l t i n g  

from c o n v e c t i o n . 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 . b e  

t o o  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 i c u l a r l y  

good f i t  i f  mass f low d i f f i c u l t i e s  were p r e s e n t .  The f i t  is reasorlably 

good s o  t h a t  f o r  l a c k  of  e v i d e n c e  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 .  I t  is  hoped t h a t  u n c e r t a i n t y  from o t h e r  sou rces  f s 

small, I f  one assumes t h a t  t h e  f i t t i n g  procedure  h a s  a n  i n h e r e n t  un- 

c e r e a i n r y  equal  L W  ~l'lc spread of t ho  fws meaov.rr?m~nts, Chen th i s .  

combined w i t h  t h e  u n c e r t a i n t y  i n  R*, 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 1 2  cm2-sec-' 'of + 252.  

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

2 9 
a l though  t h e r e  is d a t a  f o r  somewhat s i m i l a r  systems. Ftanzen 

2 measured va lues  o f  0.25 cm2rsec'l f o r  rubidium i n  argon and 0.31 crn -set-I 
f o r  rubidium i n  neon. Due t o  t h e  inc reased  atomic weight ,  d i f f u s i o n  

c o . e f f i c i e n t s  of  cesium should  be  s m a l l e r . t h a n  t h o s e  o f . r u b i d i u m  f o r  t h e  

same gas.  However, i t  h a s  been , sugges t ed  t h a t  t h e  technique  used by 

Franzen p rov ides  on ly  approximate r e s u l t s  29s 3 l .  ~ c c u r a t e  measurements - ' 

32 
have been made of  d i f fusr lan  of t ~ a c e  amounts of xenon i r r  slrgnn. - . '  

2 -1 These y i e l d  a  D of  0.136 cm -sec . Since  cesium h a s  a n  atomic0.wei.ght . ' 

very s imilar  t o  t h a t  o f  xenon, a  similar d i f f u s i ~ n  c o e f f i c i e n t  might be  ' 

expec ted .  



3.4 The Reac t ion  of .  Free  Cesium w i t h  Oxygen. iti 'dn  ..Argoi-i 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 'with slow t ime decay o f  

t h e  cesium popu la t i on  i n  pure  a rgon  o f f e r e d  an  e x c e l 1 e n t : o p p o r t u n i t y  t o  

s t u d y  r e a c t i o n s  of  cesium with' s m a l l  'amounts o f  a n  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  were 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  r e a c t s  vigorou-sly w i t h  cesium. F i g u r e  1 2  shows t h e  

e f f e c t  of  add ing  t h r e e  sma l l  & a r t i a i  p r e s s u r e s .  o f  oxygen i n t o  100 t o r t  

o f  a rgon .  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  a l m o s t ' e n t i r e l y  by a  

. . s imp le ' exponen t i a l  term ove r  t h e  range  i n  t i m e  of  F i g u r e  12.  Losses  

due ' t o  o t h e r  i m p b r i t i e s . o r  d i f f u s i b n  a r e  n e g l i g i b l e  a s  .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  t he  decay 

r a t e s  o f  B = 8 X l o 3  sec - l ,  B = 1.4 X l o4  sec - l ,  and 0 = 2.3 X l o4  sec-'.] 

f o r .  oxygen p a r t i a l  p r e s s u r e s  of  0.01, 0.02, and .0.04 t o r r ,  r e s p e c t i v e l y .  

~ h e s e  'rates i n d i c a t e  a  n e a r  l i n e a r  dependence on oxygen c o n c e n t r a t i o n ;  

Dev ia t i on  o f  t h e  r a t e s '  from l i n e a r i t y  is probably  w i t h i n  e x p e r i m e n t a l .  
. . 

e r r o r  a s  d i f f i c u l t y  was encountered mixing t h e  s m a l l  pe rcen tages  of . . 

oxygen used w i t h  t h e  e x i s t i n g  a p p a r a t u s . '  A d d i t i o n a l  exper iments  con- 

duc ted  a t  50 t o r r  o f  a rgon  r evea l ed  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 t o r r  ' r e s u l t s  i n ,  a  decay 
. . 

r a t e  o f .  (7 .5  +- .7)  X 10-30sec-1-part.icle'2-cm6.   he' l a r g e  u n c e r t a i n t y  i n  
. . 

t h e . d e c a y  i s  a  r e s u l t  of t h e  d i f f i c u l t y  i n  add ing  t h e  s m a l l  p a t t i a l  

p r e s s u r e s  of  oxygen. A s  shown i n  F igu re  1 2 ,  t h e  decay c o n s t a n t s  o f ' a  

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

Study a t  h i g h e r , p r e s s u r e  was prevented by t h e  sudden l o s s  of t h e  

i o n i z a t i o n  s i g n a l .  This  is  be l i eved  to be  t h e  r e s u l t  o f  e l e c t r o n  
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F i g u r e  12. R e l a t i v e  cesium atom s l g n a l  as. a  f u n c t i o n  of t ime f o r  v a r i o u s  
p a r t i a l  p r e s s u r e s  of dxygen i n  100 t o r r  of argon. 



attachment by oxygen molecules. ~ t t i c h m e n t  s tud ies  3 3  of d i l u t e ,  

oxygen i n  argon mixtures show a  s t r o n g  tendency f o r  t h e  formation of 
. . 

heavy.negat ive  ions  a t  the  p ressures  and e l e c t r i c  f i e l d s  used i n  t h i s  

s tudy. '  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 times f a s t e r  

than t h a t  of  a  heavy negat ive  ion.  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  an oxygen molecule, the  charge is  e s s e n t i a l l y  frozen i n  space. 

  he preampl i f i e r  w i l l  n o t  be  a b l e  t o  d e t e c t  any f u r t h e r  chan,ge i n  

vo l t age  ac ross  the  i o n i z a t i o n  p l a t e s  from t h i s  e lec t ron:  When a  l a r g e  

' f r a c t i o n  of the  e l e c t r o n s  a r e  a t t ached  quickly,  then r . f . n o i s e  of the  

i o n i z a t i o n  l a s e r  pulse  prevents  accura te  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  amplitudd. The suddeness o f  t h e  s i g n a l  l o s s  was su rp r i s ing .  : 

The l i n e a r i t y  of' t he  decay r a t e  wi th  both oxygen and argon impl ies  

t h a t  t h e  r e a c t i o n  i s  a s s o c i a t i v e ,  t h a t  i s ,  cesium superoxide,  Cs02 and 

not  CSO, i s  t h e  r e a c t i o n  product.. The argon b u f f e r  gas then se rves  a s  

a  s t a b i l i z i n g  " t h i r d  body1' and t h e  r eac t ion  i s  w r i t t e n  i n  the  following 

. . 
form: . . .  

C s  + O2 + A t  -+ Cs02 + A r .  .. 

Since t h e  superoxide is . the  s t a b l e s t  of the  oxides a t  moderate tempera- 

34 
t u r e s '  , no f u r t h e r  r e a c t i o n  wi th  o.xygen i s  expected; .The 

superoxide can reac t .  wi th  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, these  r a t e s  w i l l  occur on a  t i m e  s c a l e  s i m i J 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 .  

Previous s t u d i e s  of the  r e a c t i o n s  of a l k a l i  me ta l s  wi th  oxygen 

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

Measurements of t h e  r eac t ion  of cesium and oxygen a t  temperatures corn- 



p a r a b l e  t o  those  of  t h e  p resen t  s tudy have not  been found.' However, 

Carabet ta  and Kaskan 36 measured the  r e a c t i o n  of cesium and sodium 

w i t h  oxygen i n  a  'hydrogen flame a t . 1 5 0 0 ' : ' ~ .  They used n i t r o g e n  a s  t h e  
. . 

t h i r d  body and repor ted  r a t e s  of '  2.1 X 10-33sec~1-particle-2-crn6 fo r ,  

cesium and .82 X 10-33sec-1-particle-2-cm6 f o r  sodium. Bawn and 

Evans 35 measured the  r e a c t i o n  of sodium and oxygen i n  n i t rogen  a t  

6 0 0 ~ ~  us ing  a  d i f f u s i o n  flow technique. .They r e p o r t  a  r a t e  of 

2.2 X 10-30sec-~1-particle-2-cm6. A t  p ressu res  g r e a t e r  than 1 0  t o r r  

of n i t r o g e n ,  the  r e a c t i o n  r a t e  f a i l e d  t o  inc rease  l i n e a r l y  wi th  

n i t r o g e n  pressure .  This  was i n t e r p r e t e d  a s  an approach t o  the ' 

s t a b i l i z a t i o n  o f  a l l  t h e  superoxide molecules wi th in  t h e i r  l i f e t i m e s .  

Therefore ,  the  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 charac ter  

from termolecular  t o  bimolecular .  By curve f i t t i n g ,  the  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  uns tab i l i zed  sodium superoxide.were 

es t ima ted  t o  be 3.3 X 10-12sec-1-particle-1-cm3and 2 X loa9 sec.  

I n  view o f  t h e  r e s u l t s  of Barn and . , Evans .. 35, i t  is i e i p t i n g  t o  
. . - 

. specu la te  on t h e  p o s s i b i l i t y  of obsefii'lfig similar . . results  Tor c e u f u ~ ~ ~  

with.  t h e  p resen t  appara tus .  Consi.der the  r eac t ions :  

where C s ,  02and A a r c  the  concen t ra t ions  of t h e  reac.tant.s and,  the  k ' s  

a r e  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  equations '  f o r . t h e  above . 



system a r e ,  

The r e c i p r o c a l  l i f e t i m e  of the  unsfabi l ized  superoxide,  k? ,  may be 

q u i t e  f a s t  cornpared t o  t h e  r a t e  of formation of t h e  superoxide. I f  

t h i s  is the  case ,  then t h e  populat ion of (Cs02).' w i l l  be much l e s s  
. . 

than ' t h a t  of C s .  ' ~ l s o ' ,  t he  time d e r i v a t i v e  of (Cs02)' w i l l  be  smal l  . . 

compared t o ' . t h a t  of  C s .  Therefore,  an approximate s o l u t i o n  can be 

obta ined i f  equat ion  (18b) is  s e t  equal  t o  zero. Then, 

. - 
Subs.ti t u t i o n  ' i n to  qquation (18a) y i e l d s ,  

k2kl (CS) (02) 
- -  d(Cs) - -k;(cs) ( o i l  + k2 + k 3 ~  

d t .  

which is  always l e s s ' t h a n  the  r a t e  of formation of - t h e  uns tab i l i zed  

superoxide. When k2 > > c 3 ~ ,  then t h e  f r a c t i o n a l  term i n  equation (20) 

. 0 

can be expanded. Keeping t h e  f i r s t ' t w o  terms of t h e  expansiononehas ,  

d(CS) =-kl (Cs) (0,) (1 - 1 + '  k 3 ~ / k 2 )  
d t  



Here one obta:ins 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"' is  the  s imples t  theory which p r e d i c t s  

r e a c t i o n  c r o s s  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 38' 39.'  For the  

c a s e  of C s 0 2  t h e  harpooning model provides an e s t i m a t e  of t h e  bimolecular  

r a t e  of forming t h e  u n s t a b i l i z e d  superoxide. S tud ies  of a l k a l i - I 2  

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

b u f f e r  gas  p ressu re ,  . give  r e s u l t s  agreein'g t o  w i t h i n  a f a c t o r  'of two of 

t h e  harpooning model l 3  . I n  t h i s  theory,  t h e  r e a c t i o n  c r o s s  i e c t i o n  

is  simply n r  where k i s  t h e  d i s t a n c e  f o r  t h e  c ross ing  of  t h e  ze ro th  
C C .  

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

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  the  

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  of 0.45 eV 40, a  r e a c t i o n  c r o s s  s e c t i o n ,  a', of approxi- 
0 .  

marely 50 A' is  obta ined.  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 

and an oxygen p a r t i a l  p ressu re  of 0.01 t o r r  ( the  smal les t  p a r t i a l  

p r e s s u r e  of Figure  12) ,  the  bimolecular r a t e  f o r  t h e  formation of 

(Cs02) is given by 
. . 

$ = crNv 

This  is  only  t en  times t h e  observed three-body decay of Figure  12. 

Therefore ,  the  r a t i o  k3A/k2 a s  contained i n  equat ion  (21) could be 

approximately 1/10. Inc reas ing  t h e  argon p ressure  a  f a c t o r  of ten  



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 

,qf electron attachment. At '1000 torr .of argon, ionization signals might 

be quite small and require special effort.to eliminate large uncertain- 
, . 

ties due to the laser rf noise transient. 
. . 

. . 
- .  

. . . . 



SECTION 4 

SUMMARY 

Study of the  i o n i z a t i o n  y i e l d  a s , a  funct ion  of  d e t e c t o r  pu l se  

i n t e n s i t y  i n d i c a t e s  t h e  p rocess  can be s t rong ly  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  the  d e t e c t o r  beam 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  extremhiy 

i n t e n s e  source  p u l s e  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  por t ion  of  the  beam 

t h i s  is a l s o  s a t u r a t e d .  These results, mmbinea wirh a previously 

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, prove the  

a b i l i t y  t o  d e t e c t  s i n g l e  molecules of"ces ium 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 ' p r o c e s s  provides a  measure of the  

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

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

a c c o b n t i n g . f o r  t h e  l a s e r  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  t o  

determine the  a b s o l u t e  pho tod i s soc ia t ion  of cesium i o d i d e  i n t o  i t s  

ground-s ta te  atomic c o n s t i t u e n t s .  ~ n o w l e d ~ e '  01: t h e  vapor pressuYe o f  

cesium ' iod ide  was n o t  r equ i red ,  thus  obv ia t ing  t h e  t a s k  of cqns t ruc t ing  

an . i so the rma1  s a t u r a t e d  vapor p ressu re  c e l l .  
. , 

The d ' i s soc ia t ion / ion iza t ion  technique has an exce l l en t  signal-to- 

n o i s e  r a t i o  even i n  a  simple p a r a l l e l  p l a t e  ion iza t ion  chamber. By 

s a t u r a t i n g  the  i o n i z a t i o n ,  signa1,dependence on buil-er gas pressure o r  

d e t e c t o r  l a s e r  i n t e n s i t y  i s  .el iminated.  pFurthermore, the  ioniza.tion pulse  



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. The extraction 

of a diffusion coefficient was then accomplished rather directly by 

data fitting. The diffusion coefficient of cesium in argon was found 

2 -1 to be 0.12 cm -sec - + 25% at atmospheric pressure. 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 reaction of cesium with oxygen in the atmosphere of an argon 

buffer gas was studied. Oxygen pressures were selected so that the 

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 

- 1 -2 6 
(7.5 - + 0.7) x lon3* sec particle cm was determined. This rate is 



appropriate to argon pressures as high at 100 torr. The ionization 

volume temperature was 325 K. 



SECTION 5 

1. G.S. Hurst, M.G. Payne, M.H.'Nayfeh, J.P. Judish'and E.B. Wagner, 
Phys. Rev. Lett. - 35, 82 (1975). 

. . 

2. M.G. Payne, G.S. Hurst, M.H. Nayfeh, J.P. Judish, C.H. Chen, 
E.B. Wagner and J.P. Young, Phys. Rev. Lett. - 35, 1154 (1975). 

. . 

3 .  G.S. ~urst, M.H. Nayfeh. and J..P.' Young, Appl. Phys. Lett. 3, 
229 (1977). 

. . 

4.. G.S. Hurst, M.H. Nayfeh and J.P; Young, "One-Atom Detection Using 
,Resonance Ionization Spectroscopy," Phys. Rev. A,.in press. 

5 .  F.M. Lussier, Laser Focus - 13,' No. 2, 48'(1977). 

6.. C. W. Choi, Dissertation, un'iversity of Kentucky (1977) . 
7. K. Somrnermeyer , Z. Phys.. '56 548 (1929). -' 
8. , H .B. Schinidt-O'tt , 2. Phys. 69,- 724 (1931). 

9. R.F. Barrow, A.D:Caunt, Proc.'Roy. Soc'. (London) A219, 120 
(1953). 

10. R.S.  err^, W. ~lemperer', 'J. Chem. 'Phys. - 26, 72.4 (1957). 

11. ' P. Davidovits, D.C. Brodhead, J. Chem. Phys. 46, 2968 (1967). 

12. A. Terenin, 2. Phys, 37, 98 (19261.. 

13. S.A. Ede l s t e in ,  J?. ~avidovits, J. .Chem. Phys. 55, 5164 (1971). 

14.' .J. Maya, P. Davidovits, J. Chem. Phys. - 59, 3143 (1973). 

15. For an excellent review .see: W. Jost, Diffusion Solids, 
. Liquids -- and Gases, (Academic Press, Inc., New York, 1960), 

Chapter X. . . 

16.. T.N. Bell, I.R. Schankland and P.J. Dunlop., Chem. Phys. Lett.. 
45, 445 (1977). 
7 



17. J. Fricke, J. Haas, E. Luscher and F. A. Franz, Phys..Rev. 163 
- 9  

45 (1967). 

18. S. Manson, A. Msezane, R.F. Reilman, Private Communicati.on. 

19. A. Msezane, S. Manson, Phys. Rev. Lett. 35, 364 (1975). - 

20. J. Cuvellier, P.R. Fournier, F. Gounand, J. Pascale and J. 
Berlande, Phys. Rev. A 11, 846 (1975). , - 
D.R. Jenkins, Proc. R. Soc. A303, 453 (1968). 

J.R. Barker, R.E. Weston, J. Chem. Phys., .65, 1427 (1976). - 

S. Lin, R.E. Weston, J. Chem. Phys. - 65, 1443 (1976). 

H.D. Zeman, "Electron Spin Polarization from Multiple Photoionizafi~n." 
in International ~~m~osiurn on Electron and Photon Interactions with -- 
Atomo, cd. 11. I<lsinpapptn alld M.R. C. McDuwell (Ble~~um Press, New 
York, 1974), pp.  581-594. 

J. Derkowitz, J. Chem. Phys. - 50, 3503 (1969). 

R.C. Miller, P. Kusch, J. Chem. Phys. - 25, 860 (1956). 

J. Berkowitz, W.A. Chupka, J. Chem. Phys. - 29, 653 (1958). 

S. Dntz, W.T. Smith and E.H. Taylor, J. Chem. Phys. - 34, 558 (1961). 

W. Franzen, Phys. Rev. - 9 .  115 850 (1959). 

L.W. Anderson, A.T. Kamsey, Phys. Kev. - 132, 712 (1963). 

A.L. Bloom, Phys. Kev. 118, bb4 (1960). 

I. Amdur, T.F. Schatzki, J. Chem. Phys. - 27, 1049 (1947). 

T.E. Bortner, G.S. Hurst, Health Phys. - 1, 39 (1958). 

T.P. Whaley, Comprehensive Inorganic Chemistry, Vol.. I, ed.' by 
J.C. Bailar,Jr., et al. (Pergamon Press, New York, 1973), p. 417. 

C.E.H. Bawn, A.G. Evans, Trans. Faraday Soc. - 33, 1580 (1937). 

36. R. Carabetta, W.E. Kaskan, J. Phys. Chem. - 72, 2483 (1968). 

37. M.J. McEwan, L.F. Philips, Trans. Faraday Soc. - 62, 1717 (1966). 

38. J.L. MaGee, J.. Chem. Phys. 8, 687 (1940). 



39. D.R. Herschbach, Adv. Chem. Phys. - 10, 319 (1966). 

40. F.M. Page, "Electron Affinities," in - CRC Handbook of Chemistry 
and Physics, 56th Edition, ed. by R.C. Weast (CRC Press, - 
Cleveland, 1975), p. E67. 



THIS PAGE 

WAS INTENTIONALLY 

LEFT BLANK 



INTERNAL DISTRIBUTION 

Biology Library 
Central Research Library 
Reactor Division Library 
Laboratory Records Dept. (LRD) 
Laboratory Records (ORNL-RC) 
ORNL Patent Office 
ORNL Y-12 Technical Library 
Document Reference Section 
S. L. Allman 
C. E. Bemis 
R. D. Birkhoff 
N. E. Brashier 
T. A. Carlson 
C. H. Chen 
L. G. Christophorou 

17. R. N. Compton 
18. W. R. Garrett 

19-28. G. S. Hurst 
29. J. P. Judish 
30.. S. V. Kaye 
31. C. 'E. Klots , 

'32. S. D. Kramer 
33. M. G. Payne 
34. H. Postma 
35. C. R. Richmond 
36. R. H. .Ritchie 
37. H. C. Schweinler 
38. J. A. Stockdale 
39. J. E. Turner 
40. J. P. Young 

EXTERNAL DISTRIBUTION 

. , 

G. F. Bing, Lawrence Livermore Laboratory, P. 0. Box 808, Liver- 
more, California 94550 
J. E. Boring, ~esearch' Laboratory of Engineering Science, University 
of Virginia, University of Virginia, Charlottesville, Virginia 22901 
K. Boyer', Division of Applied Photochemistry, LASL, Los Alamos, 
N.M. 87545 
W. Brandt, Physics Department, New York University, New York, 
N.Y. 10003 -. 

R. S. ~aswefl, Radiation Physics Laboratory, NBS, Washington, 
D.C. 20234 
L. W. Cochran, Vice President, University of Kentucky, Lexington, 
Kentucky 40506 
G. Cowper, RadLation Dosimetry Branch,, Atomic Energy of Canada Ltd., 
Chalk River, Ontario, Canada' 
W. C. DeMarcus, Department of Physics and Astronomy, University of 
Kentucky, Lexington, Kentucky 40506 
J. Dubrin, Lawrence Liveruiore Laboratory, P. 0. Box 808, Livermore, 
California 94550 
F. Gabbard, Department of Physics and Astronomy, University of 
Kentucky, Lexington, Kentucky 40506 
B. R. Gossick, Department of Physics and Astronomy, University of 
Kentucky, Lexington, Kentucky 40506 
Alex E. S. Green, Department of Physics and Astronomy, University 
of Florida, Gainesville, Florida 32601 
J. Grossman, College Station, Berea, Kentucky 40403 



L. W. Grossman, 6523 Ridge Circle, Cincinnati, Ohio 45213 
T. W. Hansch, Department of Physics, Stanford University, 
Stanford, California 94305 
M. Inokut i, Radiation Physics ~ivision, Argonne National 
Laboratory, 9700 S. Cass Ave., Argonne, Illinois 60439 
O'Dean Judd, Division of Applied Photochemistry, LASL, P. 0. 
Box 1663, Los Alamos, N.M. 87545 
R. Katz, Department of Physics, University of Nebraska, Lincoln, 
Nebraska 68508 
R. E. Knight, Department of Physics and Astronomy, University of 
Kentucky, Lexington, Kentucky 40506 
P. K. Leichner, Department of Physics, and Astronomy, University 
of Kentucky, Lexington, Kentucky 40506 
J. L. Live.rn~an, Assistant: Admii~istrator for Environment and 
Safety, ERDA, Washington, D.C. 20545 
D. .C. Lorents, Stanford Research Institute, Menlo Park, 
Cal. i f n r n i . a  94025 
J. L. Magee, Department of Chemistry, Lawrence Berkeley Laboratory, 
Berkeley, Calfforaia 94920 
M. H. Nayfeh, Department of Physics, Yale University, New Haven, 
Connexticut 06520 
E. A. OIBair, Division of Applied Photochemi,stry, TdASTA, P. 0. 
Box 1663, Los Alamos, N.M. 87545 
J. E. Parks, Department of Physics and Astronomy, Western Kentucky 
University, Bowling Green, Kentucky 42101 
J. C. Person, Radiation Physics Division, Argonne National 
Laboratory, 9/00 S. L a s s  A v e . ,  Argonne, Illinois 60439 
A. V. Fhelps, Joint Institute for Laboratory Astropl~ysics, 
- - unlversley of Coforudo, Buuldcr, Culurdu 00302 
C. P. Robinson, Division.of Applied .Photochemistry, LASL, P.O. 
Box 1663, Los Alamos, N.M. 87545 
H. H. Rossi, Radiological Research Laboratory, Columbia 
University, 630 W. 168th St., New ~ork, N.Y. 10032 
W. C. Royster, Dean of the Graduate School, University of 
Kentucky, Lexington, ~entucky 40506 
A. L. Schawlow, Department of Physics, Stanford University, 
Stanford, California 94305 
R. Schrills, Department of Physics and Astronomy, University of 
Kentucky, Lexington, Kentucky 40506 
Maxine Sheets, Division of Biomedical 'and Environmental Research, 
ERDA, Washington, D.C. 20545 
V. J. Sodd, Director, Nuclear Medicine Laboratory, ~in'cinnati 
General Hospital, Cincinnati, Ohio 45267 
R. W. Solarz, Lawrence Livermore Laboratory, P. 0. Box 808,  
Livermore, California 94550 
R. F. Stebbings, Department of Space Physics, Box 1892, Rice 
University, Houston, Texas 77001 
T. D. Strickler, Department of Physics, Berea College, Berea, 
Kentucky 40403 
D. A. Vroom, Intelcom Rad Tech, P. 0. Box 80817, San Diego, 
California 92138 



84. R. W. Wood, Division of Biomedical and Environmental Research, 
ERDA, Washington, D.C. 20545 

85. M. E. Wrenn, New York University Medical Center, Tuxedo, N.Y. 
10987 

86. ORAU Library 
87. Research and Technical Support Division, OR0 

88-114. Technical Information Center (TIC) 




