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When a n  a l p h a  p a r t i c l e  passes t h r o u g h  a g a s  I t  may form a n  i o n  b y  
\\ 

a c t i n g  on atoms or  m o l e c u l e s  o f  t h e  g a s  w l t h  enough force to  remove a n  

e l e c t r o n .  T h e  v a l u e  of W, which f s  the average e n e r g y  requl  red t o  p r o -  

d u c e  a n  Ion p a i r I  i s  f o u n d  to  be g r e a t e r  t h a n  t h e  lowest i o n i z a t l o n  

p o t e n t i a l  o f  a g l v e n  g a s .  T h e  r e a s o n  for t h i s  is t h a t  t h e  e n e r g y  con- 

g i d e r e d  ? n  c a l c u l a t l n g  W goes n o t  o n l y  i n t o  i o n i z a t i o n  b u t  a l so  I n t o  

e x c i t a t i o n  of n o n - i o n i z e d  atoms or molecules and  I n t o  k i n e t i c  e n e r g y  of 

t h e  2 l e c t r o n s  removed I n  l o n l z a t l o n .  

T h e  a d d l t i o n  of c e r t a i n  i m p u r i t i e s  to some of t h e  n o b l e  g a s e s  re- 
T 

d u c e s  t h e  v a l u e  o f  W considerably' and  the results of separate a d d i t l o n s  

to a r g o n  of s e v e n t e e n  g a s e s  have b e e n  m e a s u r e d *  2 T h e s e  g a s e s  h a v e  a 

r a n g e  o f  i o n i z a t i o n  p o t e n t i a l s  from 8.5 to  15.7 e l e c t r o n  v o l t s  (ev) .  The 

I o n i z a t i o n  p o t e n t i a l  of argon is 15.68 ev. l n c l d e d  were g a s e s  w i t h  

i o n l z a t i o n  p o t e n t l a l s  a b o v e  and  b e l o w  t h e  known metastable e x c i t e d  s t a t e  

of argon, 11.5 ev.  Many o b s e r v e r s  had  b e l l e v e d  t h a t  t h e  r e d u c t i o n  of W, 

or i n c r e a s e d  i o n i z a t i o n ,  was c a u s e d  by the d i s c h a r g e  of the m e t a s t a b l e  

s t a t e ;  however ,  t h e  i n c r e a s e d  i o n i z a t i o n  effect was  observed u s i n g  

i m p u r i t i e s  w l t h  i o n i z a t i o n  p o t e n t l a l s  a b o v e  t h e  m e t a s t a b l e  level .  The  

h i g h e s t  i o n i z a t i o n  p o t e n t l a l  a t  w h i c h  t h e  e f f e c t  was n o t e d  was 14-5 e v ;  

1 T. E .  Bortner and G. S. Hurst, Phys. Rev. 90, 160 (1953). 

2 C .  E- M e l t o n ,  "Measurement  o f  l o n l z a t i o n  Produced by 5-Mev A l p h a  

P a r t i c l e s  i n  Argon Mixtures," A ThesIs, V a n d e r b i  I t  University 
( F e b r u a r y  1954) 
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w i t h  an i m p u r i t y  hav ing  an i o n i z a t i o n  p o t e n t i a l  o f  15.5 ev t h e r e  was no 

i ncrease detected.  

T h i s  s tudy  was undertaken t o  i n v e s t i g a t e  the cause o f  the  increased 

i o n i z a t i o n  i n  m i x t u r e s  o f  argon and i m p u r i t i e s  w i t h  i o n i z a t i o n  p o t e n t i a l s  

above the argon metas tab le  l e v e l ,  11.5 ev. 

Three mechanisms f o r  t h e  inc rease o f  i o n i z a t i o n  by i m p u r i t i e s  w i t h  

i o n i z a t i o n  p o t e n t i a l s  i n  t h e  11.5 to  14.5 ev range have been suggested. 

The increase cou ld  be due t o  (1) the  d ischarge of a metas tab le  e x c i t e d  

l e v e l  of molecu la r  argon, (2) the  a c t i o n  of s u b e x c i t a t i o n  e l e c t r o n s ,  

I .e .  e l e c t r o n s  w i t h  k i n e t i c  energy l e s s  than the lowest  e x c i t e d  l e v e l  o f  

argon, or (3 )  the  d ischarge of  a l o n g  l i v e d  e x c i t e d  s t a t e  o f  a tomic argon 

w i t h  an energy l e v e l  g r e a t e r  than 14.5 ev. Experiments were undertaken 

t o  determine which, i f  any, o f  these suggested mechanisms accounts f o r  

t h e  increased i o n i z a t i o n .  

3 

I f  molecu la r  argon e x i s t s ,  i t s  c o n c e n t r a t i o n  and t h e r e f o r e  i t s  

e f f e c t  on i o n i z a t i o n  w i l l  depend on the  pressure  of the  gas. The e f f e c t  

o f  a 725 mrn of f-lg change of  gas pressure  on the  increased i o n i z a t i o n  was 

s t u d i e d  u s i n g  a l a r g e  p a r a l l e l  p l a t e  i o n i z a t i o n  chamber c o n t a i n i n g  a 

~u~~~ a lpha source. 

The energy d i s t r i b u t i o n  o f  subexci  t a t i o n  e l e c t r o n s ,  and t h e r e f o r e  

t h e i r  e f f e c t  on t h e  i o n i z a t i o n  process, i s  a l t e r e d  by changing E/P ( t h e  

r a t i o  of change o f  p o t e n t i a l  p e r  u n i t  d i s t a n c e  t o  p ressure  i n  vol ts /cm/  

mm Hg) . The e f f e c t s  of l a r g e  changes of E/P were s t u d i e d  i n  the 
3 

3 R .  L .  Platzman, Rad. Res. 2, 1 (1955).  
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i o n l z a t i o n  chamber .  

An o p t i c a l  s p e c t r o g r a p h  was used  i n  c o n j u n c t ! o n  w i t h  i o n i z a t i o n  

chamber  d a t a  to  s t u d y  t h e  p o s s i b i l i t y  o f  a long l i v e d  e x c i t e d  s t a t e  of 

atomic a r g o n .  T h e  e m i s s i o n  s p e c t r u m  o f  p u r e  argon was compared to t h e  

s p e c t r a  of mixtures of a r g o n  a n d  e t h a n e ,  p r o p a n e ,  a c e t y l e n e ,  and  n i t r o -  

g e n .  This para l l e l  s t u d y  was b a s e d  o n  the a s s u m p t i o n  t h a t  t h e  same 

e v e n t s  o f  i n t e r e s t  o c c u r  i n  t h e  i o n i z a t ? o n  chamber  a n d  i n  t h e  e x p o s u r e  

chamber  o f  t h e  s p e c t r o g r a p h .  



I I .  APPARATUS 

The apparatus might be divided into two categories: that f o r  the 

study o f  the effect of changes of E/P  and gas pressure on ionization, 

and that for the study o f  the effects o f  impuri.ties on the emission 

spectrum o f  argon. 

Apparatus fo r  Ionization Study 

The apparatus used for  the ionization versus pressure and the 

ionization versus voltage studies consisted of a large ionization chamber 

with an uncollimated internal Pu239 alpha source and associated vacuum 

system, a high voltage supply, a potentiometer, a capacitor and a 

vibrating reed electrometer- 

T h e  parallel plate ionization chamber (Fig. 1) was enclosed in a 

steel cylinder 50 cm i n  diameter and 15 cm high. The 24s aluminum 

plates were supported 9 cm apart by Teflon insulators. The collecting 

plate was 25 cm in 

clearance of 0.030 

~ u ~ ~ 9  alpha source 

The remainder 

pressure gauges, a 

diameter and was surrounded by a guard ring with a 

cm. The high voltage plate, which contained the 

f l u s h  mounted in its center, was 46 crn in diameter. 

of the gas system ( F i g -  2) consisted of two vacuum- 

Hastings vacuum gauge, two  Wallace and Tiernan 

vacuum gauges three mechan i cal pumps, t w o  d i f f  us ion pumps9 and two cold 

traps. One of the Wallace a n d  Tiernan gauges had a range of 0 to 200 inm 

of Hg, and the other a range of 0 to  800 mm of Hg. The diffusion pumps 

4 
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were VFM model  260, o i l  diffusion pumps m a n u f a c t u r e d  b y  D i s t i l l a t i o n  

P r o d u c t s  C o r p o r a t i o n .  The  m e c h a n l c a l  p u ~ p s  were Welch Duo-Sea l ,  two 

of w h i c h  were used  as  forepunps i n  series w i t h  t h e  d i f f u s i o n  pumps and  

o n e  of which was u s e d  as a by-pass  pump to  a l l o w  removal  o f  g a s e s  t h a t  

m i g h t  c o n t a i n  oxygen  w h i c h  w o u l d  oxidize h o t  d i f f u s l o n  pump o i l .  

cold t r a p s  were b r a s s  c y l i n d e r s  4.5 crll i n  d i a m e t e r  and  16.5 cni i n  

h e i g h t .  Wi th  t h e  e x c e p t i o n  c 9  the c o n n e c t i o n s  to  t h e  d i f f u s i o n  pumps, 

w h e r e  one inch  a n d  t h r e e - f o u r t h s  inch nickel t u b i n g  was u s e d ,  t h e  com- 

p o n e n t s  of t h e  s y s t e m  w e r e  c o n n e c t e d  w i t h  o n e - f o u r t h  inch c o p p e r  t u b i n g .  

The  

Two h i g h  v o l t a g e  s u p p l i e s  were u s e d ,  For p o t e n t i a l s  g r e a t e r  t h a n  

300 volts a s u p p l y  c o n s i s t i n g  o f  s e r i e s  c o n n e L t e 3  300 v o l t  b a t t e r i e s  

was  used., The  h i g h  v o l t a g e  p l a t e  was c o n n e c t e d  to t h e  s e r i e s t  p o s i t i v e  

t e r m i n a l  and  t h e  d e s i r e d  v o l t a g e  was obtain& by c o n n e c t i n g  t h e  g r o u n d  

l e a d  to t h e  n e g a t i v e  t e r m i n a l  of the p r o p e r  b a t t e r y .  For p o t e n t i a l s  

less t h a n  300 v o l t s ,  a s t a b l e  r e g u l a t e d  h i g h  v o l t a g e  s u p p l y  m a n u f a c t u r e d  

by t h e  Oregon E l e c t r i c  Company was u s e d .  

T h e  p o t e n t i o m e t e r ,  wh ich  was d e s i g n e d  for  cise w i t h  t h i s  e q u i p m e n t  

by t h e  I n s t r u m e n t  D e p a r t m e n t  o f  t h e  Oak Ridge N a t l o n a l  L a b o r a t o r y ,  had a 

r e f e r e n c e  v o l t a g e  o u t p u t  t h a t  was v a r i a b l e  from 0 to  4500 m i l l i v o l t s .  

I t  was m o n i t o r e d  a t  f i v e  p o i n t s  w i t h  a Rubieon p o t e n t i o m e t e r .  

A " F a s t "  capaci tor  m a n u f a c t u r e d  by J o h n  E .  F a s t  Company was used  as  

the c o l l e c t i n g  c a p a c i t o r ,  

An A p p l i e d  P h y s i c s  C o r p o r a t i o n  model  3Q v i b r a t i n g  s e e d  electrometer 

was used  as a n u l l  i n d i c a t o r .  The i n s t r u m e n t  h a d  a background  d r i f t  
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raze of less t h a n  one m i l l i v o l t  p e r  m i n u t e  which was n e g l i g i b l e  compared  

t o  t h e  s i g n a l  d r i f t  rate. 

A p p a r a t u s  I- for S p e c t r u m  S t u d y  

The  a p p a r a t u s  used For s t u d y i n g  t h e  e f f e c t  of i m p u r i t i e s  i n  a r g o n  

on t h e  e m i s s i o n  s p e c t r u m  of a r g o n  c o n s i s t e d  of a g a s  m i x i n g  and  f i l l i n g  

s y s t e m ,  a n  e x p o s u r e  chamber ,  a s p a r k  s o u r c e ,  a s p e c t r o g r a p h ,  f i l m  and  a 

r e c o r d i n g  m i c r o p h o t o m e t e r .  

T h e  g a s  s y s t e m  a n d  i o i l i z a t i o n  chamber  p r e v i o u s l y  d e s c r i b e d  were 

used  for  p r e p a r i n g  g a s  m i x t u r e s  a n d  f i l l i n g  t h e  e x p o s u r e  chamber .  

s y s t e m  was  used  because i t  was c o n v e n i e n t  a n d  b e c a u s e  i t s  l a r g e  c a p a c i t y  

e n h a n c e d  t h e  a c c u r a c y  of t h e  ad in ix ing  of a small p e r c e n t a g e  o f  i m p u r i t y .  

T h e  e x p o s u r e  chamber  c o u l d  b e  c o n n e c t e d  d i  r e c t l y  to  t h i s  sys  tem.  

T h i s  

T h e  e x p o s u r e  chambei- ( F i g "  3 )  c o n s i s t e d  o f  a p i p e  tee of 6.3 ctil 

T h e  o p p o s e d  o p e n i n g s  w e r e  f i t t e d  w i t h  T e f l o n  p l u g s  i n s i d e  d i a m e t e r .  

wh 1 c h  s u p p o r t e d  s c r e w  a d v a n c i  ng  e l e c t r o d e  h o l d e r s .  

t h e  e l e c t r o d e s  c o u l d  b e  a d j u s t e d  w h i l e  a g a s  s a m p l e  was i n  t h e  chamber .  

T h e  e l e c t r o d e s ,  w h i c h  w e r e  o f  s p e c t r o s c o p i c a l l y  p u r e  magnes i  um, w e r e  

m a i n t a i n e d  8 miii a p a r t  d u r i n g  o p e r a t i o n .  

p l u g  f i t t e d  w i t h  c7 q u a r t z  wlndow 2,s c m  i n  d l a m e t e r  a n d  3 mm t h i c k .  

T h e  d is f iance b e t w e e n  

T h e  t h i r d  o p e n i n g  had  a T e f l o n  

T h e  s p a r k  source was m a n u f a c t u r e d  by  A p p l i e d  R e s e a r c h  L a b o r a t o r i e s -  

Henry W .  Dietart Company. It was used  a t  a power l eve l  of 2 KVA a n d  was 

c o n n e c t e d  by c a b l e s  to t h e  e l e c t r o d e  h o l d e r s  o f  t h e  e x p o s u r e  chamber .  

A bausch akid Lomb 1.5 meter s t i g m a t i c  g r a t i n g  s p e c t r o g r a p h  was 

u s e d .  T h e  d i s p e r s i o n  of t h i s  i n s t r u m e n t  was 15 i / m m  i n  t h e  f i r s t  o r d e r  
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and 7.5 A / m m  i n  the second order. 

t ype  I -L ,  whlch covers khc v i s i b l e  range p l u s  the near u l t r a v i o l e t ,  was 

used i n  t h e  spec t rograph .  The recording microphotometer used was a 

beeds and Northrup model 6700-A1, w i t h  a Speedomax recorder.  

Eastman Spectrographic  Safety  Fi  l m ,  



I I I .  PROCEDURE 

In  o r d e r  to remove i m p u r i t i e s ,  e s p e c l a l l y  water v a p o r ,  a l l  g a s e s  

s t u d l e d  were p u r i f r e d  by  f l o w i n g  s l o w l y  t h r o u g h  a d r y  i c e  c o l d  t r a p .  

Argon p u r i f i e d  i n  t h  i s  manner  showed a p u r l  t y  of 99.9$ when a n a l y z e d  

w i t h  a mass s p e c t r o g r a p h .  P r i o r  to f i l l l n g ,  t h e  e n t i r e  g a s  s y s t e m  was  

f l u s h e d  w! t h  a r g o n  and  pumped to  a p r e s s u r e  o f  less t h a n  10 mm of Hg, 

t h e  smallest  u n i t  r e g i s t e r e d  b y  t h e  H a s t i n g s  vacuum g a u g e  used .  

f i l l i n g s  were made to  a p r e s s u r e  of 750 mm o f  HgB 

u s e d ,  t h e  chamber  was f l u s h e d  f o r  ten m l n u t e s  and  t h e n  pumped to  750 rrun 

of Hg and  s e a l e d .  When a m i x t u r e  o f  g a s e s  was u s e d ,  a r g o n  was a d m i t t e d  

to  t h e  p r o p e r  p a r t i a l  p r e s s u r e ,  t h e  chamber  s e a l e d ,  t h e  r e m a l n d e r  of 

t h e  sys t em e v a c u a t e d  and  f l u s h e d  three t l m e s  w i t h  t h e  correct impur l  t y t  

and  t h e  I m p u r i t y  was t h e n  a d m i t t e d  to t h e  chamber  to  c o m p l e t e  t h e  750 mm 

of Hg t o t a l  p r e s s u r e .  

( C 3 H s ) ,  a c e t y l e n e  ( C 2 H z ) ,  and n i t r o g e n  (NZ). 

impur i  t y  

t h o s e  for  n i t r o g e n ,  wh ich  showed no l o w e r i n g  effect ,  and  f o r  one series 

of a r g o n - e t h a n e  m e a s u r e m e n t s .  P e r c e n t a g e s  used  were e t h a n e ,  3$ and 14; 

p r o p a n e ,  3 $ ;  n i t r o g e n ,  3$; and a c e t y l e n e ,  Oe5$ .  

for  a r g o n - e t h a n e  I s ’ a t  3% e t h a n e .  

-3  

A l l  

When p u r e  a r g o n  was 

I m p u r i t i e s  u sed  i n c l u d e d  e t h a n e  (CzH6), p r o p a n e  

T h e  p e r c e n t a g e s  o f  
2 used  were t h o s e  w h i c h  g a v e  t h e  g r e a t e s t  l o w e r i n g  of W e x c e p t  

Max mum l o w e r i n g  of W 

To i n s u r e  c o m p l e t e  c o l l e c t i o n  of the ions fo rmed ,  s a t u r a t i o n  c u r v e s  

( F i g -  4) were d e t e r m i n e d  a t  750 mrn of Hg p r e s s u r e  for e a c h  g a s  rnIxture 

to b e  t e s t e d  and  f o r  p u r e  a r g o n .  I n  a l l  cases s a t u r a t i o n  o c c u r r e d  b e l o w  

300 v o l t s .  F o r  t h i s  chamber  t h e  number of i o n s  c o l l e c t e d  a t  v o l t a g e s  

11 
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a b o v e  t h e  s a t u r a t i o n  v o l t a g e  was constant up to  the p o t e n t i a l  a t  w h i c h  

h i g h  v o l t a g e  breakdown o c c u r r e d .  A t  t h i s  p s t e n t i a l ,  m e a s u r e m e n t s  c o u l d  

no longer be made b e c a u s e  of obvIous f l u c t u a t i o n s  of t h e  electrometer. 

V o l t a g e  used a t  7550 mrn of Hy pressure w a s  2100 val ts .  

6 e G a U 5 e  t h e  p o t e n t i a l  a t  which h i g h  v o l t a g e  d l l s s h a r g e  s t a r t s  be- 

comes much lower a t  lowered  pressure a chamber a f  each gas m?xtu$e was 

s l o w l y  pumped down u n t i  1 the  d i s c h a r g e  s k a r t e d ,  T h e  p r e s s u r e  a b o v e  

w h i c h  t h a t  v o l t a g e  c o u l d  b e  sa fe ly  u s e d  was noted ( F i g ,  51, the v o l t a g e  

w a s  l o w e r e d  300 v o l t s  and t h e  pump down was e o n t j  nued .  Th is cal I - 
bration i n s u r e d  t h a t  t h e  v o l t a g e  u s e d  was alrnrays well above the 

s a t u r a t i o n  and below p.hc dtscharge poterutlal. 

The f {rial m e a s u r e m e n t s  were made a t  gas p r e s s u r e s  which r a n g e d  

stepwlse fro@ 750 rnrri of Hg to 10 rnm o f  Hy. The v a r i a b l e  measured was 

the l e n g t h  of t i m e  r e q u i r e d  to  charge t h e  capacitor to a pradetermlned 

v o  1 t a g e  

A formula FOP deterriaInincj W can be derlwed e a s i l y  by uslng the 

Fo 1 l o w  i ng nota t i o n  : 

e - charge of t h e  e le~t t -on,  I n  coulombs; 

E - average e n e r g y  of t h e  a lpha  particles, i n  e l e c t r o n  vo l t s ;  

N 

C - c a p a c i t a n c e  of t h e  czpzclltor, i n  farads;  

V - p o t e n t i a l  of the capac;itor, i n  vo l t s ;  

dV - c h a n g e  i n  p o t e n t i a l ;  

Q - charge o n  the capacl tor, i n  c o u l o m b s ;  

- number of Pu239 d l s i n t e g r a t l o n s  per r n f n u t c ;  
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dQ - c h a n g e  I n  c h a r g e ;  

- a v e r a g e  e n e r g y  r e q u i r e d  to p r o d u c e  a n  i o n  p a i r ,  I n  e l e c t r o n  W 

T h e  t o t a  

v o l t s .  

energy loss p e r  m i n u t e  of t h e  a l p h a  p a r t f c l e s  In  t h e  gas 

Q = cv 

so t h e  ra te  of c h a n g e  of c h a r g e  on t h e  c a p a c i t o r  is 

dQ dV 
- c -  

d t  d t  
- -  

s NE. 

(1) 

With  d V / d t  e x p r e s s e d  I n  vol ts  p e r  m l n u t e  t h e  r a t e  of i o n  p a l r  p r o d u c t i o n  

is 

i o n  p a i r s  C dV 

m i n u t e  e d t  
= -  

S i n c e  

e n e r g y  expended  
W =  

i o n  pa i rs p r o d u c e d  

(3 )  
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t h e n  

and  s i n c e  e, E ,  C, and  N w e r e  c o n s t a n t  t h r o u g h o u t  t h e  e x p e r i m e n t ,  

k 

dW/d e: 
w -  

or 

dV k 

d t  w 
- - -  ( ' 7 )  

S i n c e  i n  t h i s  s t u d y  o n l y  r e l a t i v e  14's were needed  i t  was  much more con-  

v e n i e n t  t o  compare  t h e  d V / d t  v a l u e s ,  i q  m i l l i v o l t s  p e r  m i n u t e .  C u r v e s  

w e r e  o b t a i n e d  s h o w i n g  t h e  ra te  o f  c h a n g e  o f  c h a r g e  o n  t h e  c a p a c i t o r  

v e r s u s  t h e  g a s  p r e s s u r e .  The  asyon da ta  wes-e cornpared, p o i n t  f o r  p o i n t ,  

t o  t h e  mixture d a t a  and  t h e  r e l a t i v e  changes d u e  to t h e  i m p u r i t i e s  w e r e  

c a l c u l a t e d .  

a v e r a g e s  of t h r e e  s e p a r a t e  d e t e r m i  nat ions  i n  e a c h  case. 

T h e  f i n a l  d a t a  fo r  argon and  for e a c h  mixture are t h e  

I n  p r e p a r a t i o n  for  t h e  s p e c t r o g r a p h i c  i n v e s t i g a t i o n  the g a s  

e x p o s u r e  chamber was c o n n e c t e d  to  t h e  g a s  sy5tem, pumped down, f l u s h e d  

t h r e e  "Limes w l t h  p u r e  argon, pumped down aga in ,  and t h e n  opened  to  t h e  

ionization chamber .  The g a s e s ,  e i t he r  p u r e  argon or  mixtures,  w e r e  

a d m i t t e d  to  t h e  i o n l z a t i o n  chamber  i n  t h e  manner  p r e v i o u s l y  d e s c r i b e d .  
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The e x p o s u r e  chamber  wa5 s e a l e d  a t  750 mm of Hg and  d i s c o n n e c t e d ,  l t  

was t h e n  p l a c e d  i n  a h o l d e r  on t h e  o p t i c a l  b e n c h  of t h e  s p e c t r o g r a p h .  

A l l  e x p o s u r e s  weqe made from t h e  same h o l d e r  a n d  chamber  p o s l t l o n .  

s p a r k  source was c o n n e c t e d  by  cables to  t h e  exposure chamber  e l e c t r o d e  

h o l d e r s  a n d  o p e r a t e d  f o r  a n  a u t o m a t i c a l l y  timed t e n  s e c o n d s .  

moving t h e  f i l m  h o l d e r ,  t h e  e x p o s u r e  chamber was removed, r e f i l l e d  a n d  

r e p l a c e d ,  a n d  a n o t h e r  e x p o s u r e  was made. T h r e e  e x p o s u r e s  were made on  

e a c h  f i l m ,  one of p u r e  argon a n d  two s e p a r a t e  m l x l n g s  of t h e  a r g o n -  

1 m p u r I t y  m i x t u r e .  

f ew  f i l m s  a n  a d d i t i o n a l  band was e x p o s e d  to  a Hg v a p o r  d i s c h a r g e  t&eu 

The 

W i  t h o u f  

Each e x p o s u r e  u s e d  a b a n d  o f  f i l m  2 mm w i d e .  On a 

T h e  f i l m s  were d e v e l o p e d  for  t h r e e  m i n u t e s  i n  Kodak Et-19 d e v e l o p e r ,  

t r a n s f e r r e d  to  Kodak p l a c e d  i n  Kodak s t o p  b a t h  SB-5 f o r  one m i n u t e ,  

f l x e r  F-5  f o r  f i f t e e n  m l n u t e s ,  washed  I n  cool runnling water for t e n  

m l n u t e s ,  r u n  t h r o u g h  a Kodak P h o t o - F l o  b a t h  for t h I r t y  s e c o n d s B  a n d  then. 

hung up to  d r y .  

A f t e r  d r y i n g ,  f i l m s  were p l a c e d  b e t w e e n  t w o  g l a s s  p l a t e s  o n  t h e  

m i c r o p h o t o m e t e r  f i l m  carrl a g e .  T h e  m i c r o p h o t o m e t e r  was t h e n  used t o  make 

a g r a p h l c  r e p r e s e n t a t i o n  on a p a p e r  t a p e  o f  t h e  d e n s l t y  of the s p e c t r a l  

l ines o n  t h e  f i l m .  T h e  Hg s p e c t r u m  was a d d e d  to the f i l m  to  b e  u s e d  as  

a s t a n d a r d ,  a s  Hg has a r e l a t i v e l y  s l m p l e  and  e a s i l y  i d e n t i f i a b l e  

e m i s s l o n  s p e c t r u m .  T h e  a r g o n  l i n e s  were i d e n t i f i e d  by c o m p a r i s o n  w % t h  4 

4 Handbook of C h e m i s t r y  and PhysTcs, Chemlcal Rubber  P u b l i s h i n g  eo., 

C l e v e l a n d  ( 1957- 1958)  . 
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t h e  Handbook v a l u e s  for Hg and by i q t e r p o l a t i o n .  

Each t a p e  which r e p r e s e n t e d  t h e  s p e c t r u m  o f  a g a s  mixture was com- 

p a r e d  to the  tape which  r e p r e s e n t e d  the pure a r g o n  s p e c t r u m  f r o m  t h e  same 

f i l m .  

v a r i a t i o n  i n  d e v e l o p i n g ,  p l a c i n g  of the f i l m  i n  t h e  f i l m  c a r r i a g e  and  

focussing t h e  m i c r o p h o t o m e t e r  l e n s e s  The tapes fo r  t h e  m i x t u r e s  were 

compared ,  l i n e  by l i n e ,  t o  the tapes FOP p u r e  a r g o n .  L i n e s  for which 

t h e  f i l m  c l ens i  t y  was g r e a t l y  r e d u c e d  by t h e  a d d l t l o n  of t h e  irnpuri t y  

w e r e  i d e n t i f i e d  by  wave  l e n g t h ,  and t h e  e l e c t r o n  t r a n s i t i o n s  by w h j c h  

t h e  a r g o n  atoin e m !  t s  t h e s e  1 i ncs were d e t e r m i n e d  e T h e  a t o m i c  e n e r g y  

l e v e l  a t  the s t a r t  of each transstion was then determined.7 To c o n v e r t  

t h e s e  levels i n t o  e l e c t r o n  v o l t s ,  t h e  f o l l o w i n g  method was used :  

T h i s  procedure eliminated e r ro r s  w h i c h  c o u l d  b e  c a u s e d  by s l i g h t  

5,6 

h - 6.624 x IOm2’ e r g  sec, P l a n c k ’ s  c o n s t a n t ;  

c - 2.90775 x 10 crn/see, s p e e d  of l i g h t  i n  v a c u o ;  10  

ZI - f r e q u e n c y ,  i n  sec -1. , 

v - wave number,  i n  a n - ’ ;  

h - wave l e n g t h ,  i n  cm; 

E - ene.rgy, i n e r g s .  

- 

5 K .  W .  M e i s s n e r ,  Z e i  t .  P h y s .  3, 172 (1926) ; 4-0, 839 (1927). 

6 ,I.  B. Green  and  R .  Fried, Phys. Rev. _. 54, 876 ( 1 9 3 8 ) .  

7 Atomic Energy  L e v e l s ,  Circular 467, U .  S.  D e p t .  of Commerce, 
National B u r e a u  of S t a n d a r d s  (191-9). 



From t h e  r e l a t i o n s h i p s ,  
C 

v = -  
A 

and 

- 
v = v c  

a5 

E = hv (11) 

Then 

This g i v e s  t h e  e n e r g y  I n  e r g s .  D i v i d i n g  E by 1.602 x ergs/ew con- 

v e r t s  e n e r g y  t o  electron v o l t s .  The  wave number 15 the d i f f e r e n c e  

b e t w e e n  the atomic e n e r g y  l e v e l  a t  the s t a r t  and a t  the e n d  o f  t h e  t r a n -  

sltion. 



IV. DATA 

Data from t h e  ionizat ion S t u d y  

The ionization a s  a function of absolute  pressure was measured three 

times fo r  each of t h e  gases used. These gases included: 97% argon-3$ 

ethane; 9% argon-l$ eLhanc; 97% argon-3$ propane; 97% argon-$ nitrogen; 

99.5% argon-0.5$ acetylene;  and p u r e  argon. The ion current  values f o r  

the three  determinations a t  each pressure were averaged (Table 1 ) .  T h e  

rnaxiiiium deviations from t h e  average values were as follows: f o r  t h e  

argon-propane and t h e  9?$ argon-$ ethane mixtures, 0.75$; For t h e  95% 

argon-l$ ethane mixture, 0.6$; f o r  the argon-ni trogen and argot7- 

acetylene mixtures,  0,5$; and For pure argon, 1.75. 

each mixture was t h e n  compared to t h e  average v a l u e  For pure argon f o r  each 

pressure and the percentage of d i f fe rence  was calculated (Table 1 1 ) .  For 

the 37% argon-$ ethane, t h e  9Hi argon-l% e t h a n e ,  and t h e  97% argon-?$ 

propane mixtures, ionizat ion versus pressure curves (Figs,  6 ,7 ,8)  a r e  

s imi l a r  i n  shape t o  the pure argon curve w i t h  wh ch each is p l o t t e d .  T h e  

argon-nitrogen data ( F i g .  9) show no increase o f  ionizat ion,  a s  was 

expected. T h e  argon-acetylene curve (Fig. 10) s s l i g h t l y  d i f f e r e n t  

because t h e  ionization cur ren t  s t a r t s  t o  decrease a t  a s l i g h t l y  higher 

pressure than f o r  any other  mixture o r  gas used. I t ;  should b e  noted 

t h a t  the ionizat ion poten t ia l  of propane (11.2 cv) is  w e l l  be low;  t h e  

T h e  average value f o r  

2 

2 

ionization poten t ia l  of acetylene (11.45 ev )2  i s  s l i g h t l y  below; and t h e  

ionization poten t ia l  O F  ethane (12,8 e v I 4  i s  w e l l  above the metastable 

level  of argon ( l l 0 5  e v ) .  T h e  ionization poten t ia l  of molecular nitrogen 

20 



Table 6 

Average Ion Current Measured as Rate of Charging a Capacitor Versus Pressure f o r  Several Gases 

Pressure Pure Argon 97$ Argon 99$ Argon 9796 Argon 99.5% Argon 97$ Argon 
rnm Hg mv/m i n 3% Ethane I$ Ethane 3$ Propane 0.5% Acetylene 3$ Ni t rogen  

mv/m I n mv/m i R mv/m i n mv/m i n mv/m i n 

750 

700 

600 

500 

400 

375 

350 

325 

300 

275 

250 

929.08 - + 1.95 993.71 - + 2.48 966.30 - +- 2.42 

929.28 - 4 1.95 

930.52 - + 1.95 

930.62 - + 1.95 

995.82 t -!- 2.49 

997.90 - + 2.49 

999.11 2 2.50 

981.89 2 2.45 

985.12 - + 2.46 

987.72 - + 2.47 

934.39 - -!- 1.96 996.60 - I- 2.49 983.07 - + 2.44 

934.59 2 1.96 943.71 2 2.48 980.08 - + 2.45 

932.64 - f 1.96 999.69 - + 2.49 985.88 - + 2.46 

927 .742  1.95 994.27 - f 2.49 977.30 - + 2.44 

913.34 I + 3.01 980.40 - + 3.63 969.20 - + 3,59 

891.71 9 2.94 

856.37 I 9 2.83 

962.27 - + 3.56 

931.24 c + 3.45 

946.18 - + 3.50 

912.60 - 9 3.38 

1017.41 -+ 2.54 

1017.20 + 2.54 

- 
- 

1019.03 + 2.55 - 
1018.92 - + 2.55 

1019.72 - + 2.55 

1016.73 -1- 2.54 - 
1016.15 - + 2.54 

1011.15 I -1- 2.53 

994.50 - 4 3.63 

973.92 - + 3.62 

1182.20 + 10.52 

1178.48 2 10.99 

1185.49 2 10.35 

1183.77 -I- 10.54 

1172.67 + 10.44 

1159.07 + 10.32 

1155.66 - -!- 10.29 

1142.48 - + 10.17 

- 

- 
- 
- 

1126.17 - 4 11.37 

1093.09 - 3 11.04 

922.74 - + 2.31 

918.47 - + 2.30 

914.75 3 2.29 

915.84 I -!- 2.29 

917.16 - -1- 2.29 

+- 

915.77 + 2.29 - 
913.71 - + 2.28 

912.23 - + 2.28 

900.37 c + 3.33 

875.06 - + 3.24 

994.21 - + 3.49 1049.05 -1- 10.60 841.52 - + 3.11 
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(15.51 ev) is a b o v e  t h a t  of e t h a n e .  

D i f f e r e n t i a t l n q  t h e  c u r v e  j1-1 F i g .  6 w i t h  r e s p e c t  t o  p r e s s u r e  ( F i g e  

11) shows t h e  s i r i l i I a ; - i t y  of cut-ve s h a p e  f o r  p u r e  a r g o n  a n d  t h e  a r g o n -  

e t h a n e  m i x t u r e  s i n c e  d i f f e r e n t i a l  cui-ves e m p h a s i z e  d i f f e r e n c e s  i n  t h e  

slopes of i n t e g r a l  c u r v e s .  This s i m i l a r i t y  o f  s h a p e  is m a i n t a i n e d  as 

t h e  p r e s s u r e  is l o w e r e d  u n t i l  t h e  r a n g e  of t h e  a l p h a  p a r t i c l e s  e q u a l s  

t h e  d i s t a n c e  to  t h e  b o u n d a r y  of the s e n s i t i v e  volume of t h e  i o n i z a t i o n  

c h a m b e r .  Th is p r e s s u r e  i s s 1 i gh t l y  lower For t h e  a r g o n - e t h a n e  m i x t u r e  

t h a n  for  p u r e  a r g o n  b e c a u s e  t he  mass s t o p p i n g  power of e t h a n e  Is g r e a t e r  

t h a n  t h a t  o f  a r g o n .  The s i m i l a r i t y  of t h e  shapes  of t h e  i o n i z a t i o n  

v e r s u s  p r e s s u r e  c u r v e s  shows t h a t  t h e  magni t u d e  of t h e  i n c r e a s e d  i o n !  - 
z a t i o n  effect  is n o t  d e p e n d e n t  on t o t a l  p r e s s u r e -  

T h e  errors i n t r o d u c e d  b y  s t a r t i n g  a n d  s t o p p i n g  t h e  s t o p  w a t c h  

w h i c h  was u s e d  t o  m e a s u r e  t h e  time r e q u i r e d  to  c h a r g e  t h e  c a p a c i t o r  w e r e  

less t h a n  - 4- O , Z l $ ,  and  t h e  errors i n  t h e  p e r c e n t a g e  o f  i m p u r i  t y  were n o t  

g r e a t e r  t h a n  - 'r 0.08%. 

a c e t y l e n e  m i x t u r e  i n  w h l c h  W c h a n g e s  t h e  most r a p i d l y  a s  s; f u n c t i o n  of 

p e r c e n t a g e  of i m p u r i t y .  T h e  maximum errors i n t r o d u c e d  by v a r i a t i o n s  

i n  m i x i n g  were - -+ 0,68$ for  t h e  a r g o n - a c e t y l e n e  m i x t u r e  and 2 0.04$ for  

t h e  o t h e r  m i x t u r e s .  D e v i a t i o n s  i n  f i l l i n g  p r e s s u r e  were most i m p o r t a n t  

a t  p r - e s s u r e s  b e l o w  t h a t  a t  w h i c h  t h e  r a n g e  of the a l p h a  p a r t i c l e s  is 

e q u a l  to  t h e  s h o r t e s t  p a t h  from t h e  a l p h a  s o u r c e  LO the.  b o u n d a r y  o f  t h e  

s e n s i t i v e  volume of t h e  i o n i z a t i o n  chamber  The a b s o l u t e  error  i n  

r e a d i n g  a p r e s s u r e  g a u g e  r e m a i n s  c o n s t a n t  t h r o u g h o u t  i ts r a n g e ,  however  

Errors were most s i g n i f i c a n t  i n  t h e  a r g o n -  

2 
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FIG. 1 1 .  RATE OF CHANGE OF RATE OF CHARGE VERSUS PRESSURE FOR 
ARGON A N D  97% ARGON-3% ETHANE MIXTURE 
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t h e  r e l a t i v e  error c h a n g e s  as a func t ion  oh p r e s s u r e .  

t h e  gas  p r e s s u r e s  u s e d  were d j v i d e d  into Four r a n g e s  a n d  a maximum 

r e l a t i v e  error was c a l c u l a t e d  f o r  e a c h  r a n g e .  Total  errors a re  shown 

i n  T a b l e  1 1 1 .  

FQP c o n v e n i e n c e  

c_- Data from t h e  S p e c t r u m  S t u d y  

I n  t h e  s p e c t r o g r a p h i c .  s t u d y ,  e t h a n e  was t h e  i m p u r i t y  of p r i n c i p a l  

c o n c e r n  b e c a u s e  i t s  ionizarion p o t e n t i a l  l ies  a b o v e  the m e t a s t a b l e  l e v e l  

of a r g o n  and  b e l o w  the 14.5 t o  15.5 e v  e n e r g y  level r a n g e  u n d e r  con-  

s i d e r a t i o n .  For t h i s  reason t h e  a r g o n - e t h a n e  da t a  were of qreater  

i n t e r e s t  t h a n  those f o r  o t h e r  i m p u r i t i e s .  

A c o m p a r i s o n  of t h e  m;cruphocometer t a p e s  fo r  p u r e  a r g o n  a n d  37$ 

argon-$ e t h a r e  mixture showcci a s i g n i f i c a n t  redhetion i n  t h e  T i  lm 

d e n s i t i e s  fo r  soiiie of t h e  s p e c t r a l  l i n e s  of a r g o n  i n  t h e  mixture. T h i s  

reduction, d u e  to t h e  addi  t i o n  of t h e  e t h a n e ,  r a n g e d  From 0.0 to  0 .7 .  

S e v e r a l  l i n e s  were o f  exactly t h e  same d e n s l t y  as for  p u r e  a r g o n .  T a b l e  

IV l i s t s  t h e  e f f e c t  sf t h e  e t h a n e  a d d i t i o n  o n  thirty-eight l ines* 

A c o m p a r i s o n  of t h e  a r g o n - n i  t r o g e n  s p e c t r u m  w i t h  t h e  p u r e  a r g o n  

s p e c t r u m  sl-iow~d no  s i g n i f i c a n t  r e d u c t i o n  of a n y  of t h e  argon l i n e s .  

There P J W E ,  however, n i t rogen  lines a d d e d  t o  the s p z e t r ~ ~ r n ,  T h e  argon- 

p r o p a n e  and a r g o n - a c e t y l e n e  s p e c t r a  showed a gerieral r e d u c t i o n  of i n t e n -  

s i t y  f o r  a l l  argon l i n e s .  The  i o n i z a t i o n  p o t e n t i a l s  O F  b o t h  a c e t y l e n e  

and  p r o p a n e  a re  lower  t h a n  the lowest .  e x c i t a t i o n  p o t e n t i a l  of a r g o n .  

Therefore, t h e  addi  t ion of  a c e t y l e n e  or p r o p a n e  s h o u l d  decrease the 

i n t e n s i t y  o f  a l l  a r g o n  l i n e s .  
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'Table !,V 

E f f e c t  on t h e  F i lrn Dens! i;y o f  Severa l  Lines of  t h e  Emission 

Spectrtirn of Argon by t h e  Rddi t i o n  of 346 E t h a n e  

R e d u c t i o n  to 0.3 
-I__- 

15,366 5698.64 2Pb - 6d3 123808 e 60 

$ 1  123372,987 15.311 

5073.08 2PI0 - 5s; 123815.53 15 366 

5581.83 2p9 - 5 S l  

5062.72 "6 - 95, 125984.35 15.636 

5032.02 Lp9 * 7 s  125329.99 i5 554 
5 

15 658 I 
50 17.25 2p6 - lldl 126163.24 

126426 0'7 15.690 4804.33 2Pg - 13d4 

4798.74 2p9 - 1Zd4 126295 7 9  15.674 I 

Reduction t o  0.4 

5 1 18.20 2p8 - 6Sl 125 158 00 15.532. 1 1 1  

5048.8 1 ZPl0 - 5s 123903.295 15.377 

2p9 - 7 s .  126089.56 15.649 4846.73 

5 

1 

I l l  

4768.67 2p10 ~ 65 125066,1581 15.522 I I  

1 
3606.52 Isq - 4p5 121470.304 15.117 
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Table I V  (continued) 

Effect on t h e  F i l m  Density of Severa l  Lines of t h e  Ernissian 

Spectrum of Argon by the Addi t i o n  o f  3$ Ethane  

6307.66 

5882.08 

3783 52 

5774.00 

5700.86 

55Q6.11 

5241 .I0 

5219.30 

4963.88 

4956.75 

458'3.29 

3398.75 

3670.64 

3563.26 

Reduction to 8.,5 

2p6 - 5d3 122886 974 

2P10 - 3 3  12 1095.67 

123372.987 8 1  2p7 - 5 S l  

2p3  -- 7d3 124603.957 

2pB - 6dq 123773 * 920 

2rj6 - 6 d q  123773.920 

2Qyj - ? d i t  124532.02 

2Q8 - 6 s 5  1247'7 1.67 

ZP7 - 653 126202 0 $2 

Is2 ._ 3pq 117 183 "654 

I 
ZP9 - 9dq 125631.69 

124857 - 27 

124443 54 { 1s5 - - '"j 5p 

R e d t ~ c  t i on  to-QlZ 

152 - 4P3 122635 1.28 

153 - 4Pz 1 ~ ~ ~ 0 1 . ~ 9 0  

15 152 

15.029 

15.311 

15 464 

15.361 

15.361 

15 - 475 

15.485 

15.663 

15.592 

14.543 

15.495 

15,587 

15.20 

15.20 
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T a b l e  YV (cont inued) 

E f f e c t  on t h e  F i l m  Density of Seve~ai L i n e s  of the Emission 

Specrrum of Argon by the Addition of  3% Ethane 

7 10'7 496 

6105.639 

6 145.43 

6155.23 

6098.807 

3632.684 

3559.3061 

3567.6565 

7206.986 

6170.183 

3635.54 

Reduction tcr 0 . 9  .-__-. 

119683.113 

123505.536 

2P3 - 551 123557 459 

5 2p* - 3s 

%p4 - 5 3  1 5 1 1  

! I I I  

No Reduct ion 
-̂ ___c-l__-*_  ̂

Is* - 4P6 121270.682 

Is5 - 4p$ 12 127'0 e 682 

ls5 - 4pz 121145.431 

2p3 - 3 s  121161.356 
7, 

14.83 

15.31 

15.32. 

15.18 

15 -29 

15.18 

15.03 

15.03 

15.02 

15&02 

15.18 

15.35 
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For a l l  gas mixtures t h e  f i l m  dens i t i es  were repea ted  v e r y  

a c c u r a t e l y  by a second determination. 



v .  BISCL;SSION 

The increase of i o n i r a t i o i i  due to the addi Lion of an impurity to 

argon micjhx be explained by the existense of a metastafale s t a t e  !i7 argon 

a t  an energy l e v e l  between 14.5 and 15.5 cv, the energy range in which 

the Increased ionization effect disappears. Electrons in a metastable 

level can be released in the following ways: (a) the ene rgy  might b e  

used i n  the ionization by collision of another gas; ( b l  the  collision 

of t w o  metastable atoms m i g h t  produce an  i o n  pair; (c) t h c  inetaastable 

atom or molecule might be exc i ted  to a higher l e v e l  and r a d i a t e  a photon; 

(d) i t  might diffuse LO the walls o f  the c o n t a i m r ;  or (e) an  electron 

transition acconipanied by the emission of  a photon m i g h l  occur. Process 

(a)  would c o n t r i b u t c  to the increase of ionization by t h e  additior? o f  a 

proper impurity. Processes ( a ) ,  ( c )  (‘d) 2nd ( e >  would b e  a f f e c t e d  

llttle, i f  ai: all, by the impurity addition, l+09iq~euer, there a r e  no ex- 

cited levels of atomic argon above the known metastable levels For w h i c h  

t he  selection rules p r o h i b i t  optical transitions. There are ,  therefore, 

no metastable excited s t a t e s  of ztomic argon i n  the energy  range under 

consideration. T h e  constancy of the ,  relat!  ve i on  cur ren t  d u r i n g  large 

pressure changes indlcates that mehstable argon niolecules d o  not con- 

tribute to t he  increased ioiaSzaLian f o r  argon- i rnpur i  t y  mixtures because 

the concentration of molecular argon W O U ~ ~  b e  pressure dependent. There- 

fore, the mechanism must not depend upon an additional metastable level, 

atoiiiic of molecular. 

7 

38 
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The swggestlon that the addhtional ionizatlon effect i s  due to 

ionlzation of the impurity by subexcitatlon electrons was examined i n  

the following manner: subexcitatlon electrons in argon by deflnltlon 

must have kinetlc energies less than 11.5 ev, the lowest excited level 

of argon. 

ionizing impurities whose iorl8zatlon potentials were equal to or lass 

than the energy of the electrons. The increased ionization effect has 

been shown to take place due to t h e  addition of irnpurttles with l o n l -  

z a t l o n  potentials ranging up to  14.5 ev. Therefore, the effect could 

not be due to subexcitatlon electrons alone. 

According t o  theory, these electrons would be capable of 

T h e  nrrmber o f  Ions formed l n  a gas by electrons depends on the 

number of electrons which have energy equal to or  exceeding the 

ionization potential of the gas. I n  an ionizatlon chamber the energy 

distribution of electrons is a function of  E/P.  The energy of the peak 

population is altered by changing E/P,  and t h e  whole energy distrlbution 

is shifted correspondingly. The mean energy, E ,  OF the population can 

be calculated by the formula, 8 

E = 0.04 x k (13) 

where k, the mean energy of agitation of an electron in terms of the mean 

energy o f  agitation of a molecule of argon a t  15" 6, 1s a functlon o f  E/P 

and is tabulated from experimental data. Increasing E/P from 0.00948 to 

8 J .  S. Townsend and V. A .  Bailey, P h i l .  Mag. 44, 1033 (1922). 



0.718 ( k  = 67 to  241, r e s p e c t i v e l y )  wou ld  s h i f t  E from 2.68 cv t o  9.64 e v .  

T h i s  wou ld  n o t  s h i f t  t h e  mean e n e r g y  o f  t h e  p o p u l a t i o n  to an e n e r g y  

greater  t h a n  t h e  i o n i z a t i o n  p o t e n t i a l  of e t h a n e  (12 .8  M ) ,  b u t  i t  wou ld  

d e f i n i t e l y  i n c r e a s e  t h e  number of e l e c t r o n s  w i t h  s u f f i c i e n t  e n e r g y  to 

i o n  i z e  e ~ h a n e  

If e l e c t r o n s  w e r e  c o n t r i b u t i n g  s i g n i f i c a n t l y  to the a d d e d  i o n i z a t i o n  

a s h i f t  o f  E/P t h r o u g h  t h i s  r a n g e  w o u l d  h a v e  c a u s e d  marked  c h a n g e s  i n  t h e  

t o t a l  amount  of i o n i z a t i o n ,  b u t  t h e  t o t a l  i o n i z a t i o n  r ema ined  c o n s t a n t  

t h r o u g h  t h  is r a n g e  of E/P. T h e r e f o r e ,  a g  1 t a t  i o n  e l e c t r o n s ,  1 i k e  sub -  

e x c i t a t i o n  e l e c t r o n s ,  c a n n o t  c o n t r i b u t e  s i g n i f i c a n t l y  to t h e  ex t r a  i o n i -  

z a t i o n  effect .  

A r e l a t i v e l y  l o n g  l i v e d  e x c i t e d  s t a t e  which i s  n o t  metas tab le  wou ld  

h a v e  t h e  same p o s s i b i  1 i t ies f o r  loss of e n e r g y  as  a metas c a b l e  s t a t c .  The  

i n c r e a s e d  i o n i z a t i o n  e f f e c t  s t u d i e d  was  shown to b e  p r e s s u r e  i n d e p e n d e n t  

kr_rt i m p u r i t y  d e p e n d e n t .  P r o c e s s e s  (b )  arid ( d )  wou ld  be i n d e p e n d e n t  of 

t h e  p r e s e n c e  of i m p u r i t i e s  and  wou ld  b e  p r e s s u r e  d e p e n d e n t .  P r o c e s s  ( e )  

i n  i t se l f  would  b e  i m p u r i t y  a n d  p r e s s u r e  i n d e p e n d e n t  b u t  m i g h t  accompany 

processes ( a )  a n d  ( e ) .  

I f  we c o n s i d e r  p r o c e s s  { a ) ,  

tlie r a t e  a t  which l o n g  l i v e d  e x c i t e d  a r g o n  atoms, A:'~ would  be discharged 

would  depend  o n  some c o n s t a n t ,  C l ,  on t h e  p r e s s u r e  of t h e  i m p u r i t y ,  px' 
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and o n  the number o f  l ong  l i v e d  e x c i t e d  argon atoms p resen to  N. 

( ;)l = - @ l P x N  

Similarly, for process ( c ) ,  

t h e  rate of  exclted argon di.-3elaarge depends on some cons tan tJ  C2, t h e  

pressure  of argon, 

p resen t .  

and an t h e  number of long lived e x c i t e d  argon atoms pa' 

Process (e ) ,  

would depend o n l y  on t h e  decay constant o f  t h e  excited argon atonis, h, 

and on t h e  number  of l ong  llved e x c l f e d  argon atoms present, N. 

( ; ) 3  = - hN 

For  these processes, 

dN 

d t  
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S u b s t i t u t i n g  from Eqs .  (14) ,  (151, and (16) ,  

dN 
- -  - -  CIPxN - CZPaN - AN 
d t  

On rear rang ing ,  

dN 
-- = - (clP, .I- CzP, + h) d t  
N 

I n t e g r a t i n g  b o t h  s i d e s  g i v e s  

CIPx + C2P3 + 

where k i s  a cons tan t  of i n t e g r a t i o n .  

where N a constant ,  i s  the number of  long l i v e d  e x c i t e d  argon atoms a t  
0’ 

t i m e  = 0 .  

S u b s t i t u t i n g  i n t o  Eq. (14) g i v e s  

or 

-(CIPx + CZPa 4- h) t 
dN1 = - CIPxNoe d t  
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I n t e g r a t i n g  b o t h  s i d e s ,  

- (CIPx + C2Pa + h ) t  
M 1 = - c P N  1 x 0  j ’ e  d t  

0 

Eva lua t  i ng t h e  i n t e g r a l ,  

- c l p X  
N 1  - CIPx + C2P, + NO 

Since t o t a l  pressure, P, i s  t h e  sum o f  t h e  p a r t i a l  p r e s s u r e s ,  

P = Px + Pa 

24) 

(25) 

t h e  p a r t i a l  p r e s s u r e  may be consTdered to  b e  a c e r t a i n  fraction, f, of 

t h e  to ta l  p r e s s u r e ,  

Px = flP 

P = f 2 P  a 

S u b s t i t u t i n g  i n  Eq. ( 2 5 ) ,  

pelf 1 - Clfl 
No - C l f l  9 C Z f Z  i- U P  NO N1 - ClflP + C2f2P 3- h 0 P ( C 1 f l  + C2fZ 4- LIP) 

N =  - C l f  lP 



I t :  is thus seen t h a t  a competition between ionizi?g collisions with 

impurities and photon emissiori following argon-argon collisions can 

exist w h i c h ,  except 60s' ri-re cerin h/P in the denominator, is not dependent 

upon  t o t a l  pressure, b u t  only upon the percentage of impurity present. 

During t h e  course of  ionization chamber experiments, i on iza t ion  was found 

mlxture was held constant to remain constarrt while composition of the gas 

and total pressure was var ied.  

Since experimental results require ionizat 

pressure$ h/P will b e  assumed to  be small compa 

on to b e  independent of 

ed to e f + C z f z .  Phis 1 1  

assumption will b e  examined l a t e r .  Equation (29) earl now be written 

NO 

Bortner and Hurst9 have shown t h a t  a formula for t h e  v a l u e  of W of 

gas mixtures  may be written a5 follows, 

where 

'3 T. E .  Bortner and G .  S .  H u r s t ,  Phys. Rev. 93, 1236 (1954). 
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and a12 i s  an eniplrical constant. 

i f ,  a s  before we l e t  

flP = P1 

and 

f2P = P2 

then 

f 1  z =  

(33) 

(34) 

( 3 5 )  

Thus z is not dependent on pressure but upon compositlon of the mixture. 

If  t h i s  formula were applled to an argon-impurity mixture, it would f a i l  

because the one component of the mlxture contributes t o  the ionlzation of 

the other. Pt is necessary to add a correctlon t o  account for the extra 

ionization o f  t h e  impurity by t h e  excited argon. From Eq. (30) ,  N1” the 

number of long lived excited argon atom5 which will undergo process (a), 

A’* -E x 4 A -+ x+ -+ e-, is 
4” 

Clf 1 N, = N 
1 0 

C l f l  + c2f2 

This can be rewritten as 

f l  

f l  + fC,/C,)f, 
N1 = N 

0 
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Set 
" y  437) 

and le t  a be a quantity proportional to No.  The term aY was selected 

to  be added to  Eq. (31) FOP the following reasons: 

I )  the magnitude of t h e  extra  ionization e f f e c t  must have 

a re la t ionship t o  t h e  number o f  excited argon atoms, 

2) the effect  m u s t  be Independent of t o t a l  pressure, 

3 )  t h e  correction term s h o u l d  a 1 low the competi ti on between 

ionization and co l l i s ion  induced photon emission, and 

4) i t  is reasonable t o  assume t h a t  t h i s  correction term 

m i g h t  have the same genera I. form as z . 
The addition o f  aY to  E q .  (31) gives 

1 1 

w m 

T h i s  implies t h a t  the extra  ionization would increase monotonically as 

f l ,  the f r ac t ion  of I m p u r i t y ,  increases to  1.  

as f l  increases, the number of argon atoms avai lable  t o  form t h e  long 

l i v e d  excited atoms, A$', would  decrease t o  0 .  

P h i s  cannot be t rue ,  f o r ,  

To account fo r  the decrease i n  the a v a i l a b i l i t y  of argon, t h e  

fac tor  (1  - m )  was introduced. %he faz tor  ( 1  -, z)  was selected because 
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t h e  term z had a l r e a d y  b e e n  used  to descr ibe  the ef fec t  of ths c h a n g e  of 

c o m p o s i t i o n  of the g a s ,  a n d  ( 1  - 2) g o e s  to 0 as t h e  f r a c t i o n  of' argon 

goes to 0. The result i s  the  c o r r e c t e d  formula, 

The sol 

1 1 1 =[(;- - ) z + - - ] + c I I  ( 1 - m )  

1 w2 lndZ 

1 1 1 =[(;- - ) z + - - ] + c I I  ( 1 - m )  

1 w2 lndZ 
(399 

2 ne i n  Fig. 12 i s  a p l o t  of HeItonfs data  f o r  t h e  va lue  

of W ,  for a m i x t u r e  o f  a r g o n  and  e t h a n e ,  as a f u n c t i o n  of the composition 

QF the gas. The  b r a k e n  l i n e  is a p l o t  o f  W as a f m c t l o n  or' cmpasbtloo 
-1 -3  b y  use of E q e  ( 3 9 ) .  The  values of: a , (C,/C,) = 4.0 x 10 

and  cx = 4*1 x lom4 w e r e  c h o s e n  to g i v e  t h e  b e s t  f I t .  

= 2.13 x 10 12 

T h e  maximum d e v i a t l o n  o f  t h e  c a l c u l a t e d  curve from t h e  exper1rnentaZ 

c u r v e  is 0,8$. T h i s  Is 0 - 3 $  g r e a t e r  than the p r o b a b l e  e x p e r i m e n t a l  e r ror .  

The a c c u r a c y  of t h e  va lue  of &I, c a l c u l a t e d  from t h i s  r e l a t i v e l y  simple 

f o r m u l a ,  l e n d s  s t rong s u p p o r t  to t h e  t h e o r y  of  t w o  c o m p e t i n g  processes, 

ionization v e r s u s  p h o t o n  e m i s s i o n .  

T h e  assumption t h a t  t h e  t e r m  h/P i n  Eq. ( 2 9 )  i s  not s t g n i f i c a n t  can 

now be  examined more f u l l y .  

t h e  c o m p e t i t i o n  b e t w e e n  ionization and p h o t o n  e m i s s l o n  Fol lowing a 

I f  h/P were much smaller than C l f l  -'r C 2 f 2 ,  

va len t  c o n d i t i o n  is collision would  b e  I n d e p e n d e n t  o f  p r e s s u r e ,  An e q u  

that  I n  E q .  ( 2 5 )  x i s  much smaller t h a n  CIPx -t CzPa 

value f o r  CIPx + CzP, can be c a l c u l a t e d ,  
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w h e r e  

ET 

n 
X - - 

s t h e  CTOSS sect  

Is t h e  number of 

- (!!) = -  o - N n x v  - 
1 

2 
on for  I o n i z a t i o n  i n  process ( a )  i n  crn 

m o l e c u l e s  of i rnpur l ty  p e r  cm , 3 

v is t h e  veloc? ty  of t h e  molecules and atoms I n  c m  ~ e c - l ,  and  

N is the number o f  e x c i t e d  a r g o n  atoms. 

Us ing  Eq. (14), 

- c ~ P ~ N = -  cf N n Y 
X - 

or 

- 
C I P x  = cr n v 

X - 

A maximum v a l u e  fo r  o" may b e  o b t a i n e d  b y  t a k i n g  t h e  gas k i n e t i c  cross 

section, i.e. a b o u t  10 c m  . T h e  v e l o c i t y ,  v,  Is a b o u t  5 x 10 c m  sec 

I n  a mixture of 97% a r g o n  and  3% e t h a n e ,  f o r  example ,  w i t h  a t o t a l  

p r e s s u r e  of 750 mrn ~ g ,  n wou ld  e q u a l  7.5 x m o l e c u l e s  c m  . ~ i - o m  ~ q .  

(42) 5 

-16 2 - 4 -1 

-3  
X - 

Using  tk v a l u e  4.0 x 

f i t t i n g  p r o c e d u r e s ,  t h e  v a l u e  of C2Pa i s  seen t o  b e  

for t h e  r a t i o  C,/C, o b t a l n e d  b y  t h e  c u r v e  
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C2pa -I 4-.86 x 10 5 sec - 1  

6 -1 ClPX 3- CZP, = 4.2 x 10 sec 

6 T h e r e f o r e ,  i f  h i s  much less t h a n  4.2 x 10 

of t h e  e x c i t e d  s t a t e  of a r g o n ,  

sec-l, t h e  n a t u r a l  lifetime 

T = 1/x 446) 

-18 2 is much g r e a t e r  t h a n  2 - 4  x lom7 sec. I f  a' w e r e  as small a s  10 cm , 
T would  h a v e  to  b e  g r e a t e r  t h a n  2,4 x lom5 sec. 

Such  a r a n g e  of v a l u e s  f o r  t h e  lifetime would  n o t  b e  u n r e a s o n a b l e  

e s p e c i a l l y  i f  i m p r i s o n m e n t  w e r e  t o  t a k e  place, i.e. t h e  e n e r g y  of ex- 

c i t a t i o n  c o u l d  b e  t r a n s f e r r e d  by  c o l l i s i o n  from o n e  a r g o n  atom t o  a n o t h e r  

SO t h a t  a n  a r g o n  atoni i n  t h e  e x c i t e d  s t a t e  wou ld  e x i s t  a l t h o u g h  i t  wou ld  

n o t  b e  t h e  i d e n t i c a l  a r g o n  atom. I n  t h i s  manner  t h e  e n e r g y  c a u s i n g  t h e  

e x c i t e d  s t a t e  wou ld  r e m a i n  i n  a r g o n  for a l o n g e r  t l m e  b e f o r e  d i s s i p a t i o n .  

10 M e i s s n e r  and  G r a f f u n d e r  h a v e  r e p o r t e d  h a l f  lifetimes of n o n - m e t a s t a b l e  

e x c i t e d  a r g o n  a t o m  of up t o  3.6 x 10 s e c o n d s .  -3 

If b y  the a d d i t i o n  of an i m p u r i t y ,  a n  i n c r e a s e  i n  i o n i z a t i o n  takes 

p l a c e ,  i t  f o l l o w s  t h a t  a s i g n i f i c a n t  f i - a s t i o n  of t h e  e x c i t e d  a r g o n  atoms 

w h i c h ,  i n  p u r e  a r g o n ,  wou ld  r e t u f n  to g r o u n d  s t a t e  t h r o u g h  o p t i c a l  

--I__ 

10 K .  W .  M e l s s n e r  and  ld.  G r a f f u n d e r ,  Ann. P h y s i k  84, 1009 (1927).  
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transltions w i l l  return to ground state through Ionizing collislons with 

the Impur-Dty. The consideration of this Implication leads to the exam$- 

na t lon  O F  the ernlssion spectrum of argon and the changes In it caused by 

the addition o f  impurftles. There m i g h t  be a group of lines i n  the 

spectrum o f  excited argon corresponding to the transitions starting from 

the proposed long l i ved  s t a t e ,  process. ( e ) ,  and from levels slightly 

above the long llved stake, process ( c ) .  Competition from another pro- 

c@ss, (a) p brought about by t h e  additlon of an impuri ty to the argon 

would allow a smaller number of exclted argon atoms to undergo the tran- 

sitions in (c) and (e). Therefore, these spectral lines would be less 

Intense in t h e  presence of an impurity which could be ionized by argon 

atoms in a long lived excited s t a t e &  There would, of course, be 

additional lines i n  the mixture spectrum due to excited atoms or molecules 

o f  the irnpurl  ty. 

The detection of 25 lines of the  argon spectrum for which the f l  lm 

denslty was reduced to  0.5 or less by the addition of an impurity, ethane, 

i s  significant evidence o f  the existence of the proposed competition 

between ionlzatlon and optical transitions. Since t h i s  competition de- 

pends on an excited state o f  atomlc argon w i t h  a lifetime long enough to 

permit ionizing collisions w i t h  impurity atoms or molecules, the reduced 

film density of the argon spectral lines strongly indicates the existence 

of such a state. 



v1 .  CONCLUSION 

The e x i s t e n c e  of o n e  or  more l o n g  1 i v e d  n o n - m e t a s t a b l e  exci t e d  

s ta tes  o f  a r g o n  i n  t h e  15 to  25.5 e v  r a n g e  has b e e n  i n d i c a t e d .  The i n -  

c r e a s e d  i o n i z a t i o n  o b s e r v e d  when c e r t a i n  imperri ties a re  added  to a r g o n  

is a t t r i b u t e d  to  t h i s  l o n g  l i v e d  e x c i t e d  s t a t e  r a t h e r  t h a n  to m o l e c u l a r  

argon or s u b e x c i  t a t i o n  e l e c t r o n s  e A c o m p e t i  t l v e  p r o c e s s  b e t w e e n  o p t 1  eal  

d e c a y  and i o n i z i n g  collisions was eviclesiced by s p e c t r a l  a n a l y s i s  of the 

g a s  m i x t u r e s .  From these e x p e r i m e n t s  i t  was n o t  p o s s i b l e  to d e t e r m i n e  

t h e  exac t  e n e r g y  l e v e l s  o f  t h e  s u g g e s t e d  l o n g  l i v e d  e x c l t e d  s ta tes .  

V a l u a b l e  a d d i t i o n a l  i n f o r m a t i o n  c o u l d  b e  g a i n e d  by p e r f o r m i n g  a s p e c t r o -  

g r a p h i c  s t u d y  of t h e  effects cf t h e  a d d i  t i o n  t o  argon of s e v e r a l  

i m p u r i t i e s  u s i n g  a l p h a  p a r t i c l e s  i n s t e a d  of e l e c t r i c  sparks as a source 

of e x c l e a t i o n .  T h i s  s t u d y  s h o u l d  i n c l u d e  o b s e r v a t i o n  of  l i n e s  i n  a t  

l eas t  p a r t  of the u l t r a v i o l e t  r e g i o n  a n d  i n  khe i n f r a r e d  r e g i o n  as  well 

as i n  t h e  v i s i b l e  r e g i o n .  
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