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LIFETIME MEASUREMENTS OF EXCITED ELECTRONIC STATES IN 

ATOMIC HELIUM AND THE MOLECULAR HYDROGEN CONTINUUM

CHAPTER I  

INTRODUCTION

L ife t im e  m easurem ents o f  e x c i te d  e l e c t r o n i c  s t a t e s  o f  a tom s, 

io n s  and m o lecu le s  p ro v id e  in fo rm a tio n  d i r e c t l y  u s e f u l  in  th e  f i e l d s  

o f  p lasm a p h y s ic s ,  a s t r o p h y s ic s ,  and s p e c tro s c o p y . U t i l i z i n g  a  know

led g e  o f  l i f e t i m e s  and c ro s s  s e c t io n s  i t  i s  p o s s ib le  to  a s c e r t a i n  

e le c t r o n  te m p e ra tu re s ^  i n  a  p lasm a by m easu ring  th e  r e l a t i v e  i n te n 

s i t y  o f  two t r a n s i t i o n s .  A know ledge o f  l i f e t i m e s  a id s  i n  d is c o v e ry  

of s i t u a t i o n s  w h ere in  p o p u la t io n  in v e r s io n s  can be  m a in ta in e d  th u s  

c o n t r ib u t in g  to  l a s e r  d ev e lo p m en t. A s t r o p h y s ic is t s  u t i l i z e  t h i s  i n 

fo rm a tio n  to  d e te rm in e  te m p e ra tu re s  f o r  e x t r a t e r r e s t r i a l  o b j e c t s .

The p r o b a b i l i t y  o f  sp o n ta n e o u s  t r a n s i t i o n  from  s t a t e  j  to  s t a t e  

i  i s  g iv en  by

6 4 tt̂  e^ v |

^ j i  = — 3 h c ^   I ^ j i l '  i ' "

where i s  th e  d ip o le  moment m a tr ix  e lem en t o f  th e  t r a n s i t i o n

from  Ej to  E^. The fre q u e n c y  i s  t h a t  a s s o c ia te d  w ith  th e  en erg y  

lo s s  E j-E ^  = hV j^ . The d ip o le  t r a n s i t i o n s  a re  r e q u i r e d  to  fo llo w  th e



s e l e c t i o n  r u le s  o f  A£ = ±1 w here i  i s  th e  a n g u la r  momentum quantum  

num ber.

The l i f e t i m e  o f  a  s t a t e  j  i s  g iven  by th e  r e l a t i o n  =

1 /?  A , . .  I t  i s  o f te n  t r u e  t h a t  x . ~ 1 /A ,, w here k i s  th e  lo w e s t 
1  j  ] k

s t a t e  to  w hich  s t a t e  j  can r a d i a t e  u n d er a d ip o le  t r a n s i t i o n .  T his

i s  due p r im a r i ly  to  th e  im p o rtan ce  o f  th e  f a c t o r .

S in c e  e x c i t a t i o n  c ro s s  s e c t io n s  f a l l  o f f  a p p ro x im a te ly  as n^ 

(where n  i s  th e  p r in c i p a l  quantum  number) and s in c e  b ra n c h in g  f a l l s  

even  more d r a m a t ic a l ly ,  and s in c e  in  a d d i t io n  l i f e t i m e s  o f  h ig h e r  n 

s t a t e s  a r e  i n  g e n e ra l  lo n g e r  we w ould e x p e c t  i t  to  be p o s s ib le

to  o b se rv e  th e  decay o f  an e x c i t e d  s t a t e  w ith  th e  te c h n iq u e  d e s c r ib e d  

h e r e in .  A t m ost we cou ld  e x p e c t to  se e  some r e l a t i v e l y  weak lo n g e r  

e x p o n e n tia ls  i n  a d d i t io n  w hich when s u b t r a c te d  s h o u ld  y i e l d  a  r e p r e 

s e n ta t iv e  v a lu e  o f  th e  o b se rv ed  s t a t e  l i f e t i m e .  I t  w i l l  be  shown,

how ever, t h a t  t h i s  i s  n o t  th e  c a se . I t  i s  a p p a re n t  t h a t  th e r e  i s  a

f a s t e r  l i f e t i m e  th a n  cascade  w ould p ro v id e  i n t e r a c t i n g  w ith  n e a r ly  

e v e ry  s t a t e  r e p o r te d  h e r e .  The r e s u l t  o f  an i n t e r a c t i o n  be tw een  two 

s t a t e s  o f  s u f f i c i e n t l y  c lo s e  (w ith in  a f a c t o r  o f  two) l i f e t i m e s  and 

p o p u la t io n s  a llo w s  an e rro n e o u s  l i f e t i m e  to  b e  d e te rm in e d  b e c a u se  o f  

an i n a b i l i t y  to  s e p a r a te  them in  the  i n t e n s i t y  decay d a ta .  T h is i s  

n o t  a  d e f e c t  o f  th e  d a ta  o r  th e  a n a ly s i s  te c h n iq u e  b u t  a l i m i t a t i o n  

in  r e s o l u t i o n  in h e r e n t  in  m u lt ip le  e x p o n e n tia l  d a ta .  C onsequen tly  

th e  o r i g i n a l  g o a l o f  m easu ring  th e  l i f e t i m e s  o f  a l l  l e v e l s  o f  h e liu m  

h as  b een  a l t e r e d  to  one o f  i n v e s t ig a t in g  th e  s u b s id ia r y  p ro c e s s e s  

w hich a f f e c t  th e  v a l i d i t y  o f  th e  l i f e t i m e  m easu rem en ts , e s p e c i a l l y  

in  h e liu m .



A p p lic a t io n  o f  th e s e  l i f e t i m e  m ethods to  th e  hydrogen  m o le c u la r

continuum  w ere v e ry  s u c c e s s f u l  and s u p p o r t  th e  model o f  e x c i t a t i o n

p re s e n te d .  Some i n s i g h t  to  r a d i a t i o n  from  low p r e s s u r e  d isc h a rg e s
2

can be  o b ta in e d  from  Handbuch d e r  P h y s ik . A u s e fu l  so u rc e  on e x p e r i 

m en ta l te c h n iq u e s  f o r  l i f e t i m e  m easurem ents i s  c o n ta in e d  in  Advances
3

in  E le c t r o n ic s  and E le c t ro n  P h y s ic s . O th er g e n e ra l  so u rc e s  o f  g r e a t

v a lu e  to  th e  r e s e a r c h e r  a re  th e  N a tio n a l  B ureau  o f  S ta n d a rd s  p u b l i -

4 -6c a tio n s  by W iese e t  a l . The fo u n d a tio n  upon w hich t h i s  r e s e a rc h

7 8 9h a s  deve loped  was b u i l t  by H o lz b e r le in ,  Jo h n so n , C opeland,

10 11 12 S c h a e fe r ,  M ic k ish , and S k w ersk i. I t  i s  to  th e s e  so u rc e s  t h a t

th e  r e a d e r  i s  r e f e r r e d  f o r  f u r t h e r  d e t a i l s  o f  l i f e t i m e  m easurem ent 

and a n a ly s i s  by d e la y e d  c o in c id e n c e  u s in g  th e  in v e r t r o n  o r  th e  c o ld  

ca th o d e  deve loped  by C opeland .

In  th e  fo llo w in g  c h a p te rs  we d is c u s s  m ethods o f  a n a ly s in g  th e  

d a ta  o b ta in e d , p r e s e n t  a  b r i e f  d e s c r ip t io n  in c lu d in g  changes and 

im provem ents o f  th e  a p p a ra tu s  u se d , exam ine th e  e x p e r im e n ta l  r e 

s u l t s  o f  l i f e t i m e  m easurem ents i n  a to m ic  h e liu m , and th e  e x p e rim e n ta l 

r e s u l t s  o f  l i f e t i m e  m easurem ents in  m o le c u la r  hydrogen  and conclude 

w ith  a g e n e ra l  d is c u s s io n  o f  th e  r e s u l t s .



CHAPTER I I

ANALYTICAL DISCUSSION OF THE DATA INTERPRETATION

In  g e n e ra l  th e  tim e  v a r i a t i o n  o f  p o p u la t io n  d e n s i ty  N^ o f  s t a t e  

k  can be  e x p re s se d  as

K -
1 ^  1 

-  -  > 'o ™ k f k i

1

+ (1)

w here s t a t e s  i  l i e  e n e r g e t i c a l l y  above s t a t e  k and s t a t e s  i  l i e  below  

s t a t e  k . The p a ra m e te rs  r e p r e s e n t  th e  E in s te in  t r a n s i t i o n  p ro 

b a b i l i t y  o f  a b s o rp t io n  (m<n) o r  in d u ced  e m iss io n  (m >n), U ( v ^ )  i s

th e  r a d i a t i o n  f i e l d  d e n s i ty  o f  pho tons o f  f re q u e n c y  v , A i s  th emn mn

E in s te in  p r o b a b i l i t y  p e r  second  o f  spon taneous t r a n s i t i o n  from  s t a t e

m to  s t a t e  n ,  a i s  th e  c ro s s  s e c t io n  f o r  a r a d i a t i c n l s s s  c o l l i s i o n a l  mn

t r a n s f e r  from  s t a t e  m to  s t a t e  n , n  V i s  th e  e x c i t a t i o n  e le c t r o n  c u r-’ e e

r e n t  d e n s i ty ,  D^ i s  th e  d i f f u s io n  c o e f f i c i e n t  f o r  s t a t e  k  and i s  

th e  L a p la c ia n . T r a n s i t io n  p r o b a b i l i t i e s  A^^ a r e  r e l a t e d  to  l i f e t i m e s  

T, by th e  r e l a t i o n s h ip  g iv en  e a r l i e r .  For s im p l i f i c a t i o n  A, w i l l  be



used  to  r e p la c e  ^ The e le c t r o n  e x c i t a t i o n  c ro s s  s e c t i o n  i s  de

n o te d  by a^ . The e le c t r o n  e x c i t a t i o n  c ro s s  s e c t io n  from  o th e r  e x c i

te d  s t a t e s , such  as m e ta s ta b le  s t a t e s ,  i s  d en o ted  by

Becaulîe o f  the  c o m p le x ity  o f  Eq. (1 ) i t  i s  g e n e r a l ly  w a rra n te d  

to  c o n s id e r  o n ly  c e r t a i n  m echanism s, d ro p p in g  th o s e  te rm s e x p e c te d  

to  be  n e g l ig ib ly  s m a ll.

H o lz b e r le in ^  has s o lv e d  many o f  th e s e  s p e c ia l  c a se s  and h i s  

s o lu t io n s  a re  p re s e n te d  h e r e  f o r  co m p le te n e ss . I n c lu d in g  term s o f  

d i r e c t  d e c ay , e le c t r o n  e x c i t a t i o n  and c o l l i s i o n a l  d e p o p u la t io n  ( f i r s t ,  

n in th  and se v e n th  term s o f  Eq. (1 ))  he o b ta in s

-(A ,+ N V a , ) t ’ n  No.’V r -(A,+NVa, ) t N

w here we assume th e  o n ly  o th e r  lo s s  mechanism o f  consequence  i s  

c o l l i s i o n  w ith  n e u t r a l s  (w here ^ o ^ ^ ) . I f  tim e z e ro  i s  chosen

as th e  o n se t o f  th e  e x c i t a t i o n  p u ls e  th e n  N, = 0  and a f t e r  tim e t ’ ,k.0 o

h a s  a  p o p u la t io n

whicli f o r  l a r g e  ap p ro ach es th e  c o n s ta n t  v a lu e

n No’V

I f  th e  e x c i t a t i o n  s o u rc e  i s  rem oved a t  t * , N = N ( t * ) and t  = t ' - t '
O KO K O O

th en  a t  t ’ > t ' o

K k



For s im p l ic i t y  we assume th e  e x c i t a t i o n  p u ls e  w id th  t ^  to  b e  l a r g e

-(A ^+ N V a^)t;
SO  t h a t  e

be p r e s s u r e  and te m p e ra tu re  d ep en d en t.

term s a re  ~ 0 . The NVo^ term  i s  e x p e c te d  to

When th e  above p rob lem  i s  expanded to  two s ta g e s  o f  c a s c a d in g , 

H o lz b e r le in /  o b ta in s  a f t e r  r e a r r a n g in g :

ko + A
A „N mx- mo

+

•  i  ■ " f t  * K
A., o '

+ " eV  I x.v I r'7»'r t4 v".-,u -,T (1 -  e ) (5)

w here A^ = A_ + NVo^. From t h i s  e x p re s s io n  we can d e te rm in e

and N a t  t  by m atch ing  th e  s o lu t io n s  b e fo r e  and a f t e r  c u to f f  so  as 
mo o

to  o b ta in  a  s o lu t io n  a t  t  = t ' - t

N ^ ( t)  =
y A^k^&o , y ^^k^m^'^mo ~]

L"ko -  { 4 -A j + L  ( a ; - a : ,) J

A„, A „N -A^*:

A., A „Ny rA%k y \k V * ^m o  1
% LAI-A; -  i  (A I-A /)(A ;-A ;)J

- A ^

+ I
A%kAm&^mo

- A 't
.  m

L  (A M ^ X A ^ -A ;)
(6)



We can  r e a d i ly  s e e  t h a t  f o r  a s im p le  o n e -s ta g e  c a scad e  w ith  a 

s in g l e  c a sc a d in g  s t a t e  £ Eq. (5) becomes

e + A 7 a-- A \  e (7)

w here t=0 a t  t e r m in a t io n  o f  th e  e x c i t a t i o n  p u l s e .  The e x c i t a t i o n  

p u ls e  i s  assum ed lo n g  w ith  r e s p e c t  to  th e  l i f e t i m e  o f  th e  s t a t e s  

in v o lv e d  ( i . e . ,  r e c ip r o c a l  o f  f o r  s t a t e  £ i f  £ i s  th e  lo n g e s t  

l iv e d  s t a t e ) .

R. G. F ow le r h as  c o n s id e re d  th e  p rob lem  o f  r a d i a t i o n  e x c i t a t i o n  

from a  h o t  c a th o d e  such as m igh t be  e x p e c te d  f o r  2^5 -> 2  3p in c lu d in g  

d i f f u s io n  term s and f in d s  such  an argum ent te n d s  to  i n d i c a t e  an ob

s e rv e d  l i f e t i m e  t h a t  i s  s h o r t e r  th a n  th e  a c tu a l  l i f e t i m e .  The d i f 

f e r e n t i a l  e q u a tio n s  o f  th e  two s t a t e s  a re

M = -B N -  +  A.N, +  pm mm m k k '̂ m

w here i s  th e  p o p u la t io n  d e n s i ty  o f  2 ^P s t a t e s ,  i s  th e  p o p u la 

t io n  d e n s i ty  o f  2 ^S s t a t e s ,  Aĵ  i s  th e  t r a n s i t i o n  p r o b a b i l i t y  f o r  th e  

2 ^P 2 ^S t r a n s i t i o n ,  i s  e l a t a t i o n  r a t e  ( 2 ^S 2 ^ )  due to  pho ton

f lu x  from  th e  c a th o d e  and r e p r e s e n ts  a  p ro d u c t  o f r a d i a t i o n  f i e l d
2

comesd e n s i ty  and E in s te in  p r o b a b i l i t y  o f  a b s o r p t io n ,  = (—* D

from  th e  s p a t i a l  s o lu t io n  o f  th e  com plete  d i f f u s io n  e q u a tio n  f o r  an 

i n f i n i t e  c y l in d e r  o f  r a d iu s  R. pj  ̂ and p ^  a re  p ro d u c t io n  r a t e s  by a l l  

o th e r  p ro c e s s e s  and a re  assum ed to  be z e ro  a f t e r  c u to f f  o f  th e  e l e c 

tro n  c u r r e n t .

13A f te r  K aplan  (p . 471) we have th e  s o lu t io n s



B

( i  -
+ -  --k  m

and

(1 + Â ^ A ^
k

B m
\  A m / - (A + B  +A ^)t'|

---------------------^ ------------  ( l  -  e ^  J . (1 0 )

(1 +  ^  < V V A " >

I f  we r e q u i r e  N =N =0 a t  t=0 th en  Ci=Cn=0 th e n  a t  some t = t  k m   ̂ ^ o

we can r e d e f in e  and by s e t t i n g  p^=p^ = 0  and m atch th e  e q u a tio n  

b e fo re  and a f t e r  c u to f f  to  g e t

Bm

P A  „ -A2t„, , ' '  '  *k ”  f, - < W A " ’ P
C1+C2 =  J   ( 1  -  e o) +  g

( 1  f  i ) A 2  ( 1  +  ^  ( W ‘ ">
m K

1  -  e

and B
—

o r

c , = ( 1  -  

( 1  +
m

and



Co =

( 1 +
k

The f i n a l  s o lu t io n  f o r  p o p u la t io n  o f  2 3p a t  tim e  t  a f t e r  c u to f f  a t

time t^  i s  g iven  by ;

B .  — V ' m  ■■ (i .  -A 2 t „ l  -A 2 t  ^
k  A, k J

(1 +
m

Bm
^ k  " A, Pm { - ( A , + B  + A 2) t^ N  - ( A + B  + A 2 ) t
---------- k-----------------_ e k m  o je  k m _ ( u )

[ 1 +
k

T his r e s u l t  i n d ic a te s  t h a t  i f  a d i f f u s io n  e f f e c t  e x i s t s  o f  consequence 

we sh o u ld  se e  two e x p o n e n t ia l s .  I f  d i f f u s io n  i s  v e ry  im p o r ta n t  th e  

l a s t  e x p o n e n tia l  w ould c o rre sp o n d  to  th e  d i f f u s io n  p lu s  a b s o rp t io n  

p lu s  n a tu r a l  l i f e t i m e  and th e  d i f f u s io n  " l i f e t im e "  w ould e n t e r  as a 

lo n g e r  e x p o n e n tia l .  I f  s t im u la te d  e m is s io n  w ere in c lu d e d  as w e l l  

one co u ld  ex p e c t th e  o b se rv e d  l i f e t i m e  to  be even  s h o r t e r  s in c e  i t s

e f f e c t  w ould be  to  add to  A ,.
k

The c o l l i s i o n a l  t r a n s f e r  o f  e x c i t a t i o n  from  th e  n^P s t a t e s  to  

n l 'S p  s t a t e s  w hich th en  decays to  an m^’ ^D s t a t e  can be  d e s c r ib e d  

a n a ly t i c a l l y  by s o lv in g  th e  fo llo w in g  s e t  o f  s im u lta n e o u s  d i f f e r e n t i a l  

e q u a tio n s  :

W = -(B  -D V )̂W P (12)
0  w T o

P = B̂ W -  (Ag+NVcTj,p-V^Dp)P + N V o^F + Pp (13)

F = NVOppP -  (Ap+NVcTpp)F + p^ (14)
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w here P , W and F r e p r e s e n t  th e  p o p u la t io n  d e n s i ty  o f  th e  s i n g l e t  P 

s t a t e s ,  th e  p h o to n  f lu x  due to  n^P ^  l^S  t r a n s i t i o n s  and th e  t o t a l  

^F and ^F s t a t e s  in v o lv e d  i n  th e  p ro c e s s  o f m ixing  r e s p e c t iv e ly .

The t o t a l  t r a n s i t i o n  p r o b a b i l i t i e s  from  th e  P and F s t a t e s  a re  d e s ig 

n a te d  by Ap and w hich in c lu d e  any l i n e a r  p r e s s u r e  dependen t p u re  

q u en ch in g  e f f e c t s  i f  p r e s e n t .  The n e u t r a l  ground s t a t e  h e liu m  den

s i t y  i s  d e s ig n a te d  by N and i s  assumed to  b e  c o n s ta n t .  D i r e c t  p ro 

d u c tio n  by e le c t r o n  e x c i t a t i o n  i s  d e s ig n a te d  by p^ and p ^ . The mean 

a to m ic  v e l o c i t i e s  a re  e x p re s s e d  by V and a re  o b ta in e d  from c a v i ty

te m p e ra tu re  by th e  e x p re s s io n  V = /3kT/m . The t r a n s f e r  c r o s s - s e c 

t io n s  n^P and n ^ ’ ^F ->n^P a re  e x p re s s e d  by and r e 

s p e c t iv e ly  and a re  r e q u i r e d  to  f u l f i l l  th e  c o n d it io n s  o f  d e t a i l e d  

b a la n c e .  The p r o b a b i l i t y  o f  t r a n s i t i o n  n^P ->-1^8 i s  e x p re s s e d  by Ap^ 

and th e  p h o to n  c a p tu re  p r o b a b i l i t y  i s  o b ta in e d  from i n t e g r a t i n g  

th e  E in s te in  B c o e f f i c i e n t  m u l t ip l ie d  by th e  P la n ck  r a d i a t i o n  fo rm u la  

o v e r  th e  l i n e  p r o f i l e  to  o b ta in  th e  e x p re s s io n

B = ^ V p O ^  (15)
°  Æ" v^g V

in  w hich  c i s  th e  v e lo c i ty  o f  l i g h t ,  p th e  p r e s s u r e ,  v th e  r a d i a t i o n  

f re q u e n c y , g th e  a p p ro p r ia te  s t a t i s t i c a l  w e ig h t and V i s  th e  mean 

a to m ic  v e lo c i ty .  The d i f f u s io n  term s V^Dp and accoun t f o r  d i f f u 

s io n  lo s s e s  o f  e x c i t e d  P s t a t e s  and p h o to n s r e s p e c t iv e ly .  They can 

be  s o lv e d  in d e p e n d e n tly  s in c e  th ey  a re  s p a t i a l  on ly  and have  th e  

s o lu t io n s  in  c y l i n d r i c a l  geom etry  o f

P
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(16)

w here £ i s  th e  le n g th  o f  th e  c y l in d e r  and a i t s  r a d i n s . Dp and 

a r e  g iv en  by f o r  th e  p a r t i c l e s  under c o n s id e r a t io n  w here  \  i s  the  

mean f r e e  p a th  (m fp ). Due to  th e  r e s t r i c t i o n  o f  th e  s u r f a c e  o f  th e  

c y l in d e r  i t  i s  n e c e s s a ry  to  im pose a  l i m i t a t i o n  on mfp as e x p re s s e d  

be low .

J L  = + 1

Ag *

w here i s  th e  c o r r e c te d  mfp and Xg i s  th e  mfp o f  th e  g a s . For He 

io n s^ ^  D = 380 cm ^/sec  a t  1 mm-Hg and 300°K. T em pera tu re  and p r e s s u re  

c o r r e c t io n s  a re  made as fo llo w s

D P
D = - 4 ^ To

V alues o f  D f o r  atoms i n  t h e i r  own gas i n d ic a te  < D by a  f a c to r

o f  4 o r  5 .^ ^

T h is y i e l d s  a  mfp f o r  h e liu m  a t  1175°K and p y-Hg o f  Xg = .765 /P
Q

cm. S im i la r ly  f o r  x^ th e  mfp f o r  th e  pho ton  gas we u se  X^ = -g ( i . e . ,  

v e lo c i ty  o v e r  c o l l i s i o n  f re q u e n c y ) .  S ince  B^œP we n o te  t h a t  Xp end 

X̂_j a re  b o th  œ so  t h a t  X  ̂ -> a  as p ->0 f o r  b o th  c a s e s .

E q u a tio n  (14) a c tu a l l y  c o n s is t s  o f  a  sum o f  t h e  two e q u a tio n s  

d » 3
- 3 E -  -  -  ( A s ,,  +

and

dlPg
- d i r  = -  (A lp , +  « % F p ) 'F 3

so  t h a t  upon ad d in g
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f  = s v p ( o j ,3r 3 +  '’p i r , >  '  ( A f ,  +

where ~ CTsp^p ~ ^ "  ^ ^ 3  + ^^ 3* Th® p r in c i p l e

o f  d e t a i l  b a la n c e  r e q u i r e s  t h a t

®P°p 3F3 "  BSpgOSpgP "  G lPg^lPgP “  BpOpipg

i f  we assume t h a t  th e  s i n g l e t  and t r i p l e t  s t a t e s  a re  n o t  m ixed. I f  

they  a r e  somewhat m ixed as a n t i c ip a t e d  t h e o r e t i c a l l y  by R. K. van d e r  

Eynde e t  a l ,^ ^  th e r e  w ould s t i l l  b e  a  sym m etric  and an a n tisy m m e tr ic  

s t a t e  w hich w ould b e  e x p e c te d  to  f u l f i l l  s im i l a r  c o n d it io n s  o f  d e t a i l  

b a la n c e . The s t a t i s t i c a l  w e ig h ts  to  u se  f o r  th e  above r e l a t i o n  a re

gp -  3! S % 3 -  g Ip 3 -  3 .

Now th e  c o n s ta n t  o f  E q .’ s ( 1 2 ) ,  (13) and (14) h av e  a l l  been  de

f in e d  and we s e e k  th e  form  o f  th e  s o l u t i o n s .  A pp ly ing  th e  s ta n d a r d

te c h n iq u e  o f  assum ing  s o lu t io n s  o f  th e  form  P = Ae W = Be and

F = Ce and s u b s t i t u t i n g  back  we f in d  i t  n e c e s s a ry  to  s o lv e  th e  f o l 

low ing s e c u l a r  d e te rm in a n t:

f * -  < W  4 .

B . )  -  BVOpp

NVCpF A -  (Ap-i-NVcTpp) j

=  0

which i s  t h i r d  d e g re e  i n  X. For conven ience  we s o lv e  i t  n u m e r ic a l ly  

fo r  each  l e v e l  from  n=4 to  n=10 u s in g  t r a n s f e r  c r o s s - s e c t io n s  o f  S t .  

John and Nee^^ and  t r a n s i t i o n  p r o b a b i l i t i e s  o f  N .B .S .^  and Jobe and 

S t .  John^^ th e  s o lu t io n s  have been  o b ta in e d  a t  s e v e r a l  v a lu e s  o f 

p r e s s u r e .  Form o f  th e  s o lu t i o n  i s

W = A ie" + B le" + c ie“  (17)
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P = + C 2e"^3t (18)

(19)F =

The s o lu t io n s  f o r  Xg and X3 a re  p l o t t e d  in  F ig u re s  1 and 2 f o r  the  

p r e s s u r e  ran g e  from  0 to  200 m icrons o f  Hg. A t r a n s f e r  c ro s s  s e c t io n  

Opp o f  7 . 5 x 1 0 “  w here n i s  th e  p r in c i p a l  quantum  num ber, was used 

to  o b ta in  th e  r e s u l t s  shown.

S in c e  th e  f a s t  l i f e t i m e  X% r e p r e s e n ts  th e  pho ton  s t a t e ’ s e q u i l i -  

b r i a t i n g  p ro c e s s  and ta k e s  p la c e  i n  th e  o rd e r  o f  p ic o se c o n d s  i t  w i l l  

n o t  n o rm a lly  be  o b se rv e d  in  e x p e r im e n ta l  d a ta .  A p l o t  o f  th e  r a t i o  

o f  Bg to  Cg and B 3 to  C3 v e rsu s  p r e s s u r e  f o r  each  n v a lu e  i s  shown in  

F ig u re s  3 and 4 f o r  th e  P s t a t e  and F s t a t e  d e n s i ty  e x p re s s io n s  r e 

s p e c t iv e ly .  The e x p re s s io n s  f o r  Ag, Bg, Cg, A3 , B 3 and C3 a re

Pj(Aj+NV0 ^ - X 3) (Ap+NVc^-Xz)
* 2  ■

X

(^ ^ V (A p fN V o ^ -Y B ^ )

(Ap+NVa^- X1) ( X {)'

-  P,

(X3-X 1) (Xi-Xg)

— X it
( 1  -  e

Bo = P ( Xg- X 3) 

-X g t

^ (Xg-X3) — X it

X
(1 - e o.

)

Co —

Xg

" p -

Ao X2^1 BoXgAg

1- e
— Xit

— Xqt
( 1 - e

A3 =

B 3 =

( 1 - e  \

AzOppNV

V < v î v w  ’
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Figure 1 . Solutions fo r  Ig  o f  Eqis (17,18,19) Showing the Pressure Dependence Of the Calculated Fast l ife tim e .
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and

C3 =
CZGppPV

w here i s  th e  tim e  le n g th  o f  th e  e x c i t a t i o n  p u ls e .

I t  i s  now p o s s ib le  to  compute th e  a n t i c ip a t e d  c a sc a d e  c o n t r i 

b u t io n s  to  n ^ ’ ^D s t a t e s  due to  n ^ ’ ^F s t a t e  decay by s o lv in g  th e  d i f 

f e r e n t i a l  e q u a tio n

D = -(A p + OgNV)D + + Pjj (20)

w here F i s  o b ta in e d  from  Eq. (19) u s in g  th e  r e s u l t s  a f t e r  c u to f f .  Then 

Eq. (20) h as  th e  s o lu t io n

Age— X ]̂ t
B ge

— X2 t
Cge

-  Xgt

w here

D = o ^ D -

(A^+Oj^NV-Xi) (A^+o^N V -X z) (A^+a^NV-Xg) 

ApoAs^^l
— Xpt —Xgt —Xgt

( o - X i ) ( l - e  ° )  (o -X 2 ) ( l - e  ° )  (o6-X 3) ( l - e  °)_

- a t  
( 1 - e  °)

w here

NV

From th e s e  e x p re s s io n s  i t  i s  p o s s ib le  to  p r e d i c t  th eH o  r » r > n w o r » o r » T » q

1 3o f  th e  n ’ D decay fu n c t io n  p ro v id e d  th e  m odel, c r o s s - s e c t io n s  and 

t r a n s i t i o n  p r o b a b i l i t i e s  a re  c o r r e c t .



CHAPTER I I I

COMPUTER PROGRAMS DEVELOPED FOR LIFETIME DATA ANALYSIS

In tr o d u c t io n

In  p u r s u i t  o f  im proved d a ta  a n a ly s i s  m ethods, fo u r  com puter p ro 

grams h av e  b een  coded a t  th e  U n iv e rs i ty  o f  Oklahoma, The te c h n iq u e  

em ploys d i r e c t  re a d o u t o f  d a ta  from a 256 channel a n a ly z e r  o n to  punched 

p a p e r  ta p e  th ro u g h  a  33ASR T e le ty p e . The r e s u l t i n g  p a p e r  ta p e  i s  

lo a d e d  i n to  d is c  s to r a g e  p e r ip h e r a l  to  th e  com puter em ploying th e  

same t e l e ty p e  and a s ta n d a rd  te le p h o n e  l i n e .  The d a ta  i s  th e n  r e 

duced to  o b ta in  th e  d e s ire d  l i f e t i m e  u s in g  th e  a fo re m e n tio n e d  p ro 

gram s.

The f i r s t  th r e e  program s a re  w r i t t e n  i n  such  a m anner t h a t  each  

o f  them  em ploys th e  same d a ta  in p u t  s u b ro u tin e  (named INPAK). T his 

s u b ro u t in e  a c c e p ts  m u ltic h a n n e l a n a ly z e r  d a ta  from  th e  p r e v io u s ly  

c o n s tr u c te d  d is c  f i l e  (named INPUT) , s to r e s  th e  d a ta  in  co re  f o r  

c o m p u ta tio n s , and p r i n t s  the  a p p ro p r ia te  h e a d in g  and d a te  in fo rm a t io n  

w ith  each  e x e c u t io n . Because o f  th e  on l i n e  n a tu r e  o f th e  tim e  sh a 

r in g  sy s te m , a  q u e s tio n  and answ er fo rm at h as  been  em ployed to  e n te r  

th e  rem a in in g  p a ra m e te rs  needed  i n  th e  a n a ly s i s .

19
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The fo u r th  p rogram  i s  u sed  to  g e n e ra te  d a ta  s im u la t io n s  f o r  th e  

p u rp o se  o f  t e s t i n g  r e l i a b i l i t y  o f  th e  d a ta  a n a ly s i s  p rogram s.

A b lo c k  d iagram  d e s c r ib in g  th e  e x p e r im e n ta l  a rran g em en t i s  

g iv en  i n  F ig , 5 . A b r i e f  d e s c r ip t io n  o f  each  o f  th e  fo u r  com puter 

program s (FPLOT, RICH, LASL and JEEKl) i s  g iv en  i n  th e  fo llo w in g  

fo u r  s e c t io n s .  A b r i e f  a n a ly s i s  o f  program  l i m i t a t i o n s  and check

o u t m ethods i s  a ls o  p r e s e n te d  b e lo w , fo llo w e d  by a  com plete l i s t i n g  

o f  th e  fo u r  program s and t h e i r  a s s o c ia te d  s u b ro u t in e s  i n  Appendix 

A. As an a d d i t io n a l  a id  i n  d e s c r ib in g  th e  com p u ta tio n s  in v o lv e d , 

a sam ple e x e c u tio n  o f  each  program  i s  g iv en  in  A ppendix B.

FPLOT, a  S em i-L o g a rith m ic  P l o t t i n g  R o u tin e

T his program  em ploys o n ly  th e  INPAK s u b r o u t in e .  The p u rp o se  

o f  t h i s  program  i s  to  p l o t  th e  lo g a r i th m  o f  i n t e n s i t y  a t  th e  app ro 

p r i a t e  channel l o c a t io n .  I t  i s  from  t h i s  p l o t  t h a t  a  judgm ent i s  made 

as to  d a ta  q u a l i t y ,  co m p le x ity  ( e .g .  how many e x p o n e n tia l  com ponents) 

and u s a b i l i t y  ( i . e . ,  w ha t s e c t io n  o f  th e  d a ta  s e t  can b e  u s e d ) .  The 

number o f  ch a n n e ls  ( p o in t s )  to  be c o n s id e re d  f o r  th e  p lo t  i s  d e te r 

mined from an e n tr y  i n  th e  f i l e  INPUT. The fo llo w in g  s te p s  a re  p e r 

form ed in  th e  p rogram ;

a . S ea rch  a l l  d a ta  f o r  maximum and minimum (e x c lu d in g  z e ro s )  

i n t e n s i t y  v a lu e s .

b .  R equest p l o t  d e n s i ty  from  u s e r  ( e .g .  1 means p l o t  e v e ry

p o i n t ,  2 e v e ry  o th e r  p o i n t ,  e t c . ) .

c . In fo rm  u s e r  as to  maximum and minimum v a lu e s  and a c c e p t

any changes g iv e n .

d. Compute a  s c a l i n g  f a c t o r  from  maximum and minimum i n t e n s i t y



E x c i t a t i o n
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D i f f e r e n t i a t o r

S q u a r e  Wave 
P u l s i n g  

E q u ip m en t
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S t a r t  T im e r  

* fe n d  o f  e x c i t l SglRT
6  STOP 

T im e L a p se  t o  V o l t a g e  
P u l s e  H e ig h t  C o n v e r te r

JERK 1 
(C o m p u ter  C o d e . D a ta  
S im u la t o r  f o r  T e s t s . )

2 5 6  C h a n n e l A n a ly s e r  
P u l s e  H e ig h t  A n a l y s i s  Mode

3 3  ASR T e l e t y p e

D a ta  F i l e  
Vo. o f  P u l s e s  ( I n t e n s i t y )  

i n  E ach  C h a n n e l (T im e)

FPLOT RICH LASL
( P l o t s  i n  v s . ( F i r s t  A p p ro x . b y ( N o n l in e a r  L e a s t  S q u a r e

C h a n n e l Num ber) L in e a r  T e c h n iq u e ) A n a l y s i s  o f  D a ta )

F ig u re  5 . F u n c t io n a l  f lo w  c h a r t  f o r  e x c i t e d  s t a t e  e l e c t r o n  l i f e t i m e  d a ta .
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v a lu e s  and th e  number o f  p r i n t  columns ( e .g .  64 on T e le ty p e  p r i n t e r )  

a v a i l a b l e  f o r  p l o t t i n g .

e .  Compute and p r i n t  a symbol (+) in  th e  p r i n t e r  column d e te r 

m ined by (Log^Y ^-Log^S)/S^ w here S i s  the  minimum, th e  s c a l in g  

f a c t o r ,  and th e  i n t e n s i t y  re c o rd e d  in  th e  i —  c h a n n e l.

F u r th e r  c l a r i f i c a t i o n  may be  o b ta in e d  by i n s p e c t in g  th e  sam ple p ro b 

lem  i n  A ppendix B and th e  p rogram  l i s t i n g  i n  A ppendix  A.

RICH, a  L in e a r  T echn ique f o r  a F i r s t  A pprox im ation

This program  em ploys th e  s u b ro u t in e s  INPAK, RGRES and DSPAK.

The p rim a ry  f u n c t io n  o f  t h i s  p rogram  i s  to  o b ta in  a  f i r s t  a p p ro x i

m ation  f o r  th e  l i f e t i m e  and c o e f f i c i e n t  o f  e ach  e x p o n e n tia l  and th e  

c o n s ta n t  c o rre s p o n d in g  to  a  n o is e  o r  b ackg round  l e v e l .  The b lo c k  

d iag ram  g iven  i n  F ig . 6  shows th e  g e n e ra l  s o lu t i o n  p ro ce d u re  o f  t h i s  

program .

S u b ro u tin e  INPAK i s  u se d  to  p e rfo rm  th e  f i r s t  fu n c t io n  shown i n  

F ig . 6 . The n e x t  s te p  r e q u e s ts  from  the  u s e r  w h e th e r  o r  n o t  each  

s te p  o f  th e  l i n e a r  r e g r e s s io n s  r e s u l t s  o f  th e  e x p o n e n tia l  u n p e e lin g  

p ro c e d u re  i s  to  b e  p r in t e d  (n o rm a lly  s u p p re s s e d ) ,  w h e th e r  o r  n o t  a 

ta b u la t io n  o f  th e  d a ta  i s  d e s i r e d ,  nu itber o f  e x p o n e n tia l  p a ra m e te rs  

( in c lu d in g  th e  c o n s ta n t)  to  b e  a n t i c i p a t e d ,  f i r s t  p o in t  o f  u s e fu l  

d a ta ,  l a s t  p o in t  o f  u s e fu l  d a ta ,  e x c i t a t i o n  p u ls e  r e p e t i t i o n  r a t e  

(p u ls e s /s e c o n d )  and a  b re a k  p o in t  i n  th e  cu rv e  i f  i t  was d e te c te d  

v i s u a l ly  from  th e  p l o t  b u t n o t  by th e  program  i n  a  p re v io u s  a t te m p t .  

At t h i s  p o in t  a  check i s  made on th e  m u lt ic h a n n e l  a n a ly z e r  c a l i b r a 

t i o n  d a ta  to  d e te rm in e  i f  th e  c a l i b r a t i o n  (n s /c h a n )  i s  known (a  

n e g a t iv e  c a l i b r a t i o n  c o e f f i c i e n t  f o r  the  f i r s t  e n tr y  in  th e  t h i r d
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D e s i r e d
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C a l l  DSPAK t o  PLOT 

= ln [Y ^ -C -

F ig u re  6 . Flow  c h a r t  f o r  p ro g ram  RICH— to  o b t a i n  f i r s t  a p p ro x im a t io n .
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l i n e  o f  INPUT) o r  m ust be  com puted from ch an n e l numbers and c o r re s 

ponding  tim e in c re m e n ts  o b ta in e d  from l in e s  2 and 3 ( a l l  p o s i t i v e  

i n  v a lu e )  o f  th e  d a ta  f i l e  INPUT. N e x t, th e  p e rc e n ta g e  o f  coun t r a t e  

to  e x c i t a t i o n  p u ls e  r e p e t i t i o n  r a t e  i s  p r in t e d .  This v a lu e  sh o u ld  be  

h e ld  to  l e s s  th a n  10% (se e  C h ap te r IV) to  o b ta in  a c c e p ta b le  d a ta .

The p ro ce d u re  f o r  u n p e e lin g  e x p o n e n tia ls  b e g in s  by p e rfo rm in g  

a l i n e a r  r e g r e s s io n  on th e  n a t u r a l  lo g a r i th m  o f th e  l a s t  50 d a ta  

p o in ts  o f  th e  d e s ig n a te d  s e t  o f  d a ta . P e r t i n e n t  e q u a tio n s  u sed  i n  

th e  r e g r e s s io n  c a lc u la t io n s  a re :

A = n

n

" I  -  I  q  I  A , ..
n n

"  -  \ l

n •n

n •n

Ro —

n m -I m

r  I  ' i l

w here t  i s  th e  in d ep e n d e n t v a r i a b le  ( t im e , V i s  th e  dependen t v a r ia 

b l e  (Log^ i n t e n s i t y )  and  A and B a re  the  b e s t  f i t  p a ra m e te rs  fo r  

th e  e q u a tio n  V = A+Bt. The v a lu e  o f  i s  u sed  to  m o n ito r  l i n e a r i t y  

o f  th e  s e t  o f  n p o i n t s .  T h is v a lu e  i s  1 .0  f o r  a s t r a i g h t  l i n e  and 

d e c re a se s  i n  v a lu e  as  th e  n o n l in e a r i ty  o f  th e  n p o in ts  in c r e a s e s .  The 

p ro ce d u re  f o r  u n p e e lin g  e x p o n e n tia ls  c o n tin u e s  by p e rfo rm in g  s u c c e s s iv e
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r e g r e s s io n  on th e  l a s t  70 p o i n t s ,  th e n  90 p o i n t s ,  e t c . ,  m o n ito rin g  % 

each  tim e . A d e c re a se  i n  R 2 i s  ta k e n  as an i n d ic a t io n  t h a t  a  second  

e x p o n e n tia l  i s  e n te r in g  th e  d a ta .  When t h i s  d e c re a se  i n  R% o c c u rs  

the  v a lu e s  o f  A and B f o r  th e  p re v io u s  Rg a re  s to r e d .  At t h i s  p o in t  

a  c o n s ta n t  i s  s u b t r a c te d  from  th e  d a ta  u sed  to  c a lc u la te  A and B.

The r e g r e s s io n  i s  a p p lie d  a g a in . The v a lu e  o f  th e  c o n s ta n t  i s  v a r ie d  

to  th re e  s i g n i f i c a n t  f ig u r e s  u n t i l  th e  h ig h e s t  v a lu e  o f  R2 i s  re a c h e d .

At t h i s  p o in t  th e  new v a lu e s  o f  A and B a re  c o n v e rte d  to  th e  form  o f  

th e  c o e f f i c i e n t s  and th e  l i f e t i m e  o f  th e  lo n g  e x p o n e n tia ls  and th e  

c o n s ta n t  i s  s to r e d  as a  background  l e v e l .  S u c c e ss iv e  r e g r e s s io n  c a l 

c u la t io n s  a re  made on th e  rem a in in g  d a ta  s e t  p r o g re s s in g  tow ard  th e  

f i r s t  d a ta  p o in t  (w h ile  m o n ito rin g  R2 ) w i th  th e  lo n g  e x p o n e n tia l  and 

th e  c o n s ta n t  s u b t r a c te d  o f f  s e e k in g  p a ra m e te rs  o f  th e  rem a in in g  expo

n e n t i a l s .  As each  a d d i t io n a l  e x p o n e n tia l  i s  d e te c te d ,  i t s  p a ra m e te rs  

a re  re c o rd e d  and i t  i s  s u b t r a c te d  from  each  o f  th e  rem a in in g  d a ta  p o in t s .

H aving o b ta in e d  a l l  e x p o n e n tia l  components r e c o g n iz a b le  th ro u g h  

t h i s  u n p e e lin g  p ro c e d u re  and h a v in g  p r in t e d  o u t th e  fu n c t io n  p a ra 

m e te rs ,  one can now r e q u e s t  a p l o t  to  e v a lu a te  th e  q u a l i ty  o f  t h i s  

f i r s t  a p p ro x im a tio n . N orm ally  a p l o t  o f  ev e ry  t h i r d  o r  f o u r th  p o in t  

i s  s u f f i c i e n t .  The m agnitude o f  th e  i —  p o in t  to  be  p l o t t e d  i s  de

te rm in e d  by th e  e x p re s s io n :

L°Se ? 1  -  C -  Ak*
S . .   ----------------   ^ ---------

i j

w here i s  th e  a c tu a l  d a ta  p o i n t ,  C i s  th e  c o n s ta n t  l e v e l ,  A^ i s  th e  

c o e f f i c i e n t  o f  th e  k—  e x p o n e n tia l  com ponent, i s  th e  l i f e t i m e  o f



26

th e  e x p o n e n t i a l ,  m i s  th e  number o f  e x p o n e n tia ls  d is c o v e re d , t^  

i s  th e  tim e c o rre s p o n d in g  to  th e  i —  d a ta  p o in t  and i s  th e  s c a l e  

f a c t o r  a p p ro p r ia te  to  th e  p r i n t e r  u sed . The p l o t s  o f  each  j  a re  de

n o te d  by d i f f e r e n t  l e t t e r s  o f  th e  a lp h a b e t  w ith  ( th e  f a s t e s t  com

p o n en t)  p l o t t e d  as  th e  l e t t e r  A, as B, and on w ith  ( i l l u s 

t r a t i n g  th e  n o is e  o r  background  l e v e l )  r e p r e s e n te d  by th e  h ig h e s t  l e t 

t e r  u se d . T his cu rve  r e p r e s e n ts  d e v ia t io n s  o f  th e  d a ta  p o in ts  abou t 

th e  app ro x im ated  s o lu t i o n .

F u r th e r  c l a r i f i c a t i o n  o f  th e  c a p a b i l i t y  o f  t h i s  program  may be  

o b ta in e d  by in s p e c t in g  th e  sam ple s o lu t io n  g iv en  i n  A ppendix B and th e  

program  l i s t i n g  i n  A ppendix A.

LASL, N o n lin e a r  L e a s t  Square P a ra m e te r  A d justm en t f o r  B e s t F i t

T h is p rogram  em ploys s u b ro u t in e s  INPAK, ISPAK, QSPAK, LAMBDA, 

RSPAK, YPS, RGRES and DSPAK in  a d d i t io n  to  th e  two s u b ro u t in e s  MINV 

and GMPRD from  th e  S c i e n t i f i c  S u b ro u tin e s  p a c k ag e . The o b je c t iv e  

o f  t h i s  program  i s  to  a d ju s t  th e  e x p o n e n tia l  p a ra m e te rs  g iv en  as a 

f i r s t  ap p ro x im a tio n  u n t i l  th e  b e s t  f i t  o f  th e  a n a l y t i c a l  cu rve  i s  

o b ta in e d . A rough o u t l i n e  o f  th e  c o m p u ta tio n a l p ro c e d u re  i s  g iv e n  i n  

F ig . 7.

Program  LASL f i r s t  c a l l s  ISPAK w hich lo a d s  a l l  d a ta  and i d e n t i 

f i c a t i o n  th ro u g h  s u b ro u t in e  INPAK th e n  r e q u e s ts  from  th e  u s e r  th e :

a . num ber o f  p a ra m e te rs  to  f i t  th e  cu rv e  to  ( e .g .  two tim es 

th e  number o f  e x p o n e n t ia l  components p lu s  1  f o r  th e  c o n s ta n t  te rm ) ,

b .  f i r s t  l o c a t io n  o f  th e  d a ta  s e t  c o n ta in in g  u s e f u l  d a ta ,

c . l a s t  l o c a t io n  o f  th e  d a ta  s e t  c o n ta in in g  u s e f u l  d a ta ,

d . power (x) to  w hich a  w e ig h tin g  f u n c t io n



ISPAK
(R ead  D a ta  F i l e ,  I n i t i a l i z e  P a r a m e te r s  

R e q u e s t  I n s t r u c t i o n s  from  U s e r . )

QSPAK
(M ain  I t e r a t i o n  R o u t in e )

è \

RSPAK
( T a b u la t e  F i n a l  R e s u l t s )

^  P l o t -  ^
D e s ire d ?

Yes

DSPAK 
P l o t  R e s u l t s  o f  F i t
= ln [Y i-C -

F ig u re  7 . Flow  c h a r t  f o r  n o n l in e a r  l e a s t  s q u a r e s  p ro g ram — LASL,
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i s  r a i s e d  f o r  u se  i n  l e a s t  s q u a re s  c a lc u l a t i o n s ,

e .  p r i n t e r  c o n tr o l  (n o rm ally  0 ) w hich  can be  s e t  to  1 , 2 , o r  

3  f o r  in c r e a s in g  amounts o f  debugging in fo rm a tio n  i f  p roblem s a r i s e  

in  e x e c u t io n ,

f .  d e s i r a b i l i t y  o f  h o ld in g  th e  c o n s ta n t  te rm  f ix e d  ( 1  n o ,

2  y es) ,

g. i n i t i a l  v a lu e s  o f  l i f e t i m e s  c o e f f i c i e n t s  and c o n s ta n t  to  

be u sed .

The e x p o n e n tia l  power on th e  w e ig h tin g  fu n c t io n  a llo w s one to  p u t more 

em phasis on one end o f  th e  cu rv e . S in ce  th e  n o is e  o b se rv e d  i n  most o f  

th e  d a ta  te n d s  to  v a ry  w ith  th e  sq u a re  r o o t  o f  i n t e n s i t y  a w e ig h tin g  

power o f  - 0 .5  w i l l  te n d  to  remove t h i s  e f f e c t .  The w e ig h tin g  f a c to r s  

a re  c a lc u la te d  u s in g  th e  i n i t i a l  p a ra m e te rs  and rem ain  f ix e d  th rough 

o u t th e  l e a s t  sq u a re  p ro c e d u re . T his p rogram  was i n i t i a l l y  o b ta in e d

18from  Los Alamos S c i e n t i f i c  L ab o ra to ry  b u t  has undergone m ajo r a l 

t e r a t i o n s  i n  b e in g  a d a p te d  to  our a p p l i c a t i o n .

The l e a s t  s q u a re s  te c h n iq u e  used i s  t h a t  o f  Gauss-Newton m o d ified

to  g iv e  a  s t e e p e r  p a th  o f  d e s c e n t .  The te c h n iq u e  i s  d e s c r ib e d  b r i e f l y

19 20 21below  w ith  p ro o fs  l e f t  to  o th e r  s o u rc e s .  ’ *

F i r s t  compute a  d e te rm in ed  from  th e  i n i t i a l  p a ra m e te rs  o f

th e  m e x p o n e n tia l  com ponents,

2m - t . / P ,
I

j = 2

th en  compute a  d i f f e r e n c e  betw een th e  c a lc u la te d  v a lu e  and th e  t ru e

i  = P j- lG  + Pzmhl j = 2 ,4 , . . . 2 m  (21)
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d a ta

AY. = Y. -  Y. . (22)
1 1 1

Compute th e  fo llo w in g  2m fl by 2mH m a tr ix :

n 3Y 3Y
* ik  = 2 i , k = l , 2 , . . . 2 m U  (2 3 )

1 k

w here i s  th e  w e ig h t to  be a t t r i b u t e d  to  t h i s  d a ta  p o in t .  Compute 

th e  column v e c to r ,

n 9Y

A p p lic a t io n  o f  th e  A and B m a tr ic e s  d e f in e d  i n  Eqs. (23) and (24) i s  

d e s c r ib e d  by th e  fo llo w in g  developm ent. One can a rg u e  by means o f  a 

T a y lo r  s e r i e s ,  t r u n c a te d  to  th e  f i r s t  o r d e r ,  t h a t :

2mbl 9Y.

^  ‘ h  ( 2 «

m u lt ip ly  th ro u g h  by

th e n  sum o v e r  i  to  g e t  th e  2 mbl e q u a tio n s :

n BY. n 2mbl BY. BY.

î - ' h â T " ! ' ?  I  (2 * )i  k  i  i  Z k

w hich can b e  w r i t t e n  i n  th e  fo llo w in g  m a tr ix  form :

B = AAP o r  b^ = aUjPj (27)

P erfo rm  a n o r m a l iz a t io n  o f A such  t h a t :

a* = ' ■ ' - -----  (28)

Then b |  = a* jP *  (29)
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i f

* =  ------- and p .  =  ̂ J - ' . (30)

22I t  has  b e e n  shown t h a t  a d d i t io n  o f  a c o n s ta n t  m a tr ix  XI to  A* has  

the  e f f e c t  o f  r o t a t i n g  th e  B* and AP* v e c to r s  in  c o n f ig u r a t io n  space  

so as to  a t t a i n  a  more d e f i n i t e  convergence.

Hence th e  p ro c e d u re  i s  to  s o lv e  th e  e x p re s s io n

B* = (A* + XI)AP* (31)

fo r  th e  AP* v e c to r  w hich can be  c o n v e rte d  to  A P^'s by e q u a tio n  (30) 

to  o b ta in  th e  n e x t s e t  o f  P ^ 's  f o r  an i t e r a t i o n .

Normal p ro c e d u re  i s  to  m o n ito r

n
$ = y AY% W.^ 1 1

f o r  each  i t e r a t i o n .  As lo n g  as 0 d e c re a s e s  from  one i t e r a t i o n  to  th e  

n e x t X i s  l e f t  sm a ll and th e  Gauss-Newton method w orks n o rm a lly .

On any g iv en  i t e r a t i o n  i f  $ in c r e a s e s  from  i t s  p re v io u s  v a lu e , 

th e  v a lu e  o f  X i s  in c r e a s e d  u n t i l  (1) 0  no lo n g e r  i s  l a r g e r  th a n  i t  

was on th e  p re v io u s  i t e r a t i o n  o r  ( 2 )

B*4P*t , rO

^ = |B * | |4PT|" " “

C o n d itio n  (1) i s  th e  norm al c o n d it io n  and has  caused  convergence  f o r

cases  t h a t  o th e rw is e  w ould n o t  have con v erg ed . I f  C o n d itio n  (2)

a r i s e s  a  c o r r e c t io n  o f  th e  form AP  ̂ = HAP  ̂ w here H<1 i s  a p p lie d  u n t i l

0  s a t i s f i e s  th e  re q u ire m e n t t h a t  i t  n o t  in c r e a s e  i n  s i z e .  A converged

s o lu t io n  i s  a c c e p te d  when

AP,

P i
< 10"5 f o r  a l l  i .
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O th e r  o u tp u t  in fo rm a tio n  in c lu d e s

I  ‘''‘ Î  “ i

n
r 2

The w e ig h te d  v a r ia n c e  = ^n - 2 m -l

I
The unw eigh ted  sigm a = /  i_ 1

n - 2 m -l

The unw eigh ted  sum o f  _ n 
s q u a re s  o f  th e  d ev s . % AY?

i  ^

and
/  W.AY? 

d a t i o n  = o ^ ^S ta n d a rd  d e v ia t io n  = a = /  F — « ,
P j ] j  n - 2 m -l

E x a c t l e a s t  s q u a re s  e q u a t io n s :

n .  3Y 
F i t t e d  fu n c t io n  U. = 7 W. Y.

] i  1  1  ,

n  BY.
In p u t  d a ta  V. = 7 W. Y.

J i  •

A t t h i s  p o in t  one can choose to  p l o t  o u t th e  r e s u l t s  o f  th e  s o lu t io n  

to  make a  v i s u a l  check . The m ethod o f  th e  p l o t t i n g  r o u t in e  i s  de

s c r ib e d  e a r l i e r  i n  t h i s  c h a p te r .  F u r th e r  c l a r i f i c a t i o n  o f  LASL may 

be o b ta in e d  by in s p e c t io n  o f  th e  sam ple e x e c u tio n  i n  A ppendix B and 

th e  l i s t i n g  in  A ppendix A.

JERKl, A D ata S e t  S im u la tio n  Program  

Program  JERKl u ses  no s u b ro u t in e s  o th e r  th an  a  system s s u p p l ie d  

random  number g e n e ra to r  RANDU. T h is  v i t a l  program  s im u la te s  d a ta  w i th  

known l i f e t i m e s ,  c o e f f i c i e n t s  and a  c o n s ta n t .  In  a d d i t io n  an a d j us t a -



32

b le  f r a c t i o n  o f  random n o is e  i s  added to  each  d a ta  p o in t  in  a m anner 

p r o p o r t io n a l  to  th e  sq u a re  r o o t  o f  each  p o in t  so as to  more n e a r ly  

s im u la te  a c tu a l  d a ta .

T his program  g e n e ra te d  th e  c a se s  d is c u s s e d  i n  th e  n e x t  s e c t io n  

to  d e te rm in e  some l im i t a t i o n s  o f  th e  a n a ly s i s  p rogram s. I t  i s  k e p t 

a v a i l a b le  so  t h a t  i f  a  t r u e  d a ta  run  lo o k s  s u s p ic io u s  i t  can be sim u

l a t e d  th e n  checked  f o r  r e p e a t a b i l i t y .

The in p u ts  r e q u i r e d  by t h i s  p rogram  a re :

a . READ ID TAPE, f o r  w hich 12 sp a c e s  a r e  a v a i l a b le  f o r  a  nam e,

9 sp aces  f o r  th e  d a ta ,  2  sp a c e s  (12) f o r  a d a ta  run  num ber, 6  sp a ce s  

f o r  a run  i d e n t i f i c a t i o n ,  5 sp a c e s  (F 5 .0 )  f o r  a w av e len g th  and 5 

sp aces  (F 5 .1 ) f o r  p r e s s u r e  i n  m ic ro n s .

b .  ENTER NUMBER OF CHANNELS (N ), CALIBRATION (NS/CHAN), MUL

TIPLIER FOR NOISE, r e q u e s ts  th e  u s e r  to  e n te r  th e  number o f  d a ta  p o in ts  

in  th e  s im u la t io n  ( e .g .  2 5 5 ) , th e  c a l i b r a t i o n  f a c t o r  f o r  th e  in d ep e n 

d en t v a r i a b le  and a f a c t o r  U to  a d ju s t  th e  amount o f  n o is e  to  be added 

on to  each  a n a l y t i c a l  d a ta  v a lu e .
o ̂  s t  nd

c .  NUMBER OF EXPTL. PARAMS., 1—  COEF., 1— LIFETIME, 2—

COEF., . . . ,  CONSTANT, r e q u e s ts  e n t r y  o f  th e  p a ra m e te rs  r e p r e s e n t in g  

th e  d a ta  s e t  t h a t  i s  to  be s im u la te d .

The p r i n c i p a l  e q u a tio n s  u sed  i n  JERKl a re :

"  m - X i / ? /
y i  = I  A e + 0 i  ,

n - 2 m -l 

and
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"  U (R ^-0 .5)
w"2

w here i s  th e  s im u la te d  i n t e n s i t y  o f  th e  i —  tim e p o i n t ,  th e  

c o e f f i c i e n t  o f  th e  j —  e x p o n e n tia l  com ponent, th e  l i f e t i m e  o f  th e  

j—  e x p o n e n tia l  com ponent, m th e  num ber o f  e x p o n e n tia l  com ponents,

C th e  c o n s ta n t  background l e v e l ,  U th e  m u l t i p l i e r  (n o rm a lly  a number 

betw een  0  and 1 0 ) to  d e te rm in e  th e  amount o f  n o ise  to  add to  th e  cu rve  

and i s  a random number betw een  0  and 1 . 0 .

F u r th e r  c l a r i f i c a t i o n  o f  t h i s  program  i s  a v a i la b le  by in s p e c t in g  

th e  l i s t i n g  g iven  in  A ppendix A and th e  example g iv en  i n  A ppendix B.

A n a ly s is  o f  Program  L im ita t io n s  

A com plete  a n a ly s i s  o f  l i m i t a t i o n s  o f  program s RICH and LASL would 

be e x tre m e ly  volum inous and w i l l  n o t  be  c o n s id e re d  h e r e .  However, an 

i n d ic a t i o n  o f  problem s t h a t  m ight a r i s e  i s  o b ta in a b le  from  T ables 1 ,

2 and 3. I t  i s  n e c e s s a ry  f o r  each  u s e r  o f  th e  program s to  become 

f a m i l i a r  w ith  t h e i r  o p e ra t in g  c h a r a c t e r i s t i c s  i n  o rd e r  to  p ro p e r ly  

a s s ig n  u n c e r t a in t i e s  to  any p a ra m e te rs  th u s ly  a r r iv e d  a t .

An ex am in a tio n  o f  T ab le  3 w ould i n d ic a te  t h a t ,  as one m ight ex

p e c t ,  more r e l i a b l e  r e s u l t s  a re  o b ta in e d  f o r  s m a lle r  v a lu e s  o f  sigm a.

I t  i s  a ls o  a p p a re n t t h a t ,  even  when p o o r r e s u l t s  a re  o b ta in e d ,  th e  

v a lu e  o f  sigm a i s  v e ry  c lo s e  to  th e  sigm a imposed on th e  o r i g i n a l  

s im u la t io n s .  In  g e n e ra l ,  as T ab le  3 i n d i c a t e s ,  one can e x p e c t a 

l a r g e  v a lu e  i n  s ta n d a rd  d e v ia t io n  to  in d ic a te  r a th e r  p o o r r e s u l t s  as 

i t  s h o u ld . However, as c e r t a i n  ru n s o f  case  # 8  i n d i c a t e ,  p o o r r e s u l t s  

a r e  n o t  alw ays accom panied w ith  l a r g e  s t a t i s t i c a l  s ta n d a rd  d e v ia t io n s .
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The prob lem  o f  a n a ly s i s  o f  case  # 8  i s  due to  and d i f f e r 

in g  on ly  by a  f a c t o r  o f  2 , h a v in g  e q u a l e x p o n e n tia l  a m p litu d es  and 

m ost im p o r ta n t  a l a r g e  e r r o r  superim posed  on th e  t r u e  cu rv e  as p re 

v io u s ly  in d ic a te d .  I t  sh o u ld  be  n o te d  t h a t  f o r  th e  same s e t  o f  p a ra 

m e te rs  b u t  w i th  d e c re a s in g  l e v e l s  o f  random n o is e  ( s e e  runs #5, # 6  

and #7) th e  r e l i a b i l i t i e s  o f  th e  s o lu t io n s  become much g r e a t e r .

R a th e r th an  c o n s t r u c t  a s e t  o f  t a b l e s  to  co v er a l l  e v e n t u a l i t i e s ,  

w hich cou ld  l u l l  th e  u s e r  in to  co n v in c in g  h im s e lf  t h a t  h i s  p rob lem  

f a l l s  w i th in  th e  l i m i t s  o f  a c e r t a i n  t a b l e ,  a n o th e r  p ro c e d u re  i s  r e 

commended. The p ro c e d u re  i s  t h a t  upon ru n n in g  a c a se  t h a t  f a l l s  o u t

s id e  th e  r e g io n  o f  p r i o r  e x p e r ie n c e  one u ses  th e s e  r e s u l t s  in  JERKl to  

s im u la te  th e  case  in tr o d u c in g  s u f f i c i e n t  e r r o r  to  g iv e  a sigm a com

p a ra b le  to  case  i n  q u e s t io n .  I f  t h i s  s im u la t io n  and one o r  two o th e r s  

w i th  s l i g h t l y  a d ju s te d  e x p o n e n tia l  p a ra m e te rs  g iv e  fa v o ra b le  r e s u l t s ,  

th e n  one c o u ld  assume e q u a lly  fa v o ra b le  r e s u l t s  w ere  o b ta in e d  in  th e  

o r i g i n a l  c a se .

The LASL r e s u l t s  l i s t e d  i n  T ab le  3 w ere com puted p r i o r  to  in c lu 

s io n  o f  th e  LAMBDA r o u t in e  to  g iv e  a s te e p e r  p a th  o f  d e s c e n t .  S in ce  

t h i s  m o d if ic a tio n  c a se  # 8  w ith  w e ig h t o p t io n - 3 h as  been  re ru n  and was 

s u c c e s s f u l  i n  co n v e rg in g  to  a  m ean ing fu l r e s u l t .
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TABLE 1. DESCRIPTION OF TEST CASES GENERATED IN JERKl. 
(Time s c a le  was s e t  a t  1 .0  i n  u n i t s  o f  n s /c h a n n e l . )

Case
No.

N o ise
L ev e l

M u l t ip l i e r n s .
T2
n s .

A-1
coun ts  

i n  1 0 0 0 ' s

Ag 
coun ts  

i n  1 0 0 0 ' s

C
c o u n ts  

i n  1 0 0 0 ' s
0

counts

1 5 1 0 1 0 0 1 0 1 0 1 . 0 103.0

2 5 1 0 50 1 0 1 0 1 . 0 82.4

3 5 5 50 5 1 0 0 .5 7 1 .8

4 5 5 50 2 1 0 0 .5 71.2

5 5 35 70 1 0 1 0 1 . 0 103.0

6 2 .5 35 70 1 0 1 0 1 . 0 5 1 .3

7 0 35 70 1 0 1 0 1 . 0 0 . 0

8 1 0 35 70 1 0 1 0 1 . 0 205.0
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TABLE 2 . FIRST APPROXIMATIONS FOR TEST CASES GIVEN IN TABLE 
1 AS DETERMINED BY RICH.

Case
No.

E r ro r  i n  p a ra m e te rs c a lc u la te d

n s .
T2
n s .

Al
c o u n ts

Az
co u n ts

C
c o u n ts

1 + 0 .2 5 + 3.1 + 194 .0 -  70 .0 -  74 .4

2 + 13 .0 + 23.2 + 841.0 -4 6 3 5 .0 -  149 .0

3 + 6 . 1 + 6 . 2 -  88 .9 -1 3 8 8 .0 -  5 8 .8

4 ----- + 4 .4 ----- -  714.0 -  51 .9

4 (a) + 2 .8 2 + 5 .3 +1141.0 -1 0 3 5 .0 -  5 5 .7

5 -  9 .4 - 2 .5 -2 3 1 8 .0 + 3054.0 -  5 8 .8

6 -  7 .6 - 2 .4 -1 4 7 9 .0 +2291.0 -  2 5 .0

7 -  9 .5 - 7 .2 -3 4 9 3 .0 +3964.0 + 28 .0

8 ---- - 7.4 ----- + 6406.0 -  8 3 .8

8 (b) +  3 .8 + 150 .0 8201.0 -6 0 5 7 .0 - 1 0 0 0 . 0

(a) F i r s t  s e a rc h  f a i l e d  to  lo c a te  f a s t  component so  a b re a k  p o in t  
o f  1 0  was g iv e n .

(b) F i r s t  s e a rc h  f a i l e d .  B reak p o in t  o f  180 was g iv e n .



TABLE 3. QUALITY OF BEST FIT  TO TEST CASES LISTED IN TABLE 1 AS DETERMINED BY LASL USING 
INITIAL VALUlîS FROM RICH.

E r r o r  i n  p a ra m e te rs  c a l c u l a t e d Sigma

Case

No.

W eight

O p tio n
(a )
n s .

(b )
n s .

T2

(a )
n s .

(b )
n s .

Ai

(a )
c o u n ts

(b)
c o u n ts

A

(a)
c o u n ts

(b )
c o u n ts

C

(a )
c o u n ts

(b ) J
c o u n ts

250
c o u n ts

1 0 - 0 . 2 0 0 .1 6 -  2 . 0 2 1 .5 9 -  2 2 85 + 70 53 + 43 4 3 .0 1 0 2 . 0

1 1 - 0 .2 9 0 .1 4 -  3 .1 9 1 .9 7 -  60 81 + 90 53 + 74 6 2 .0 1 0 3 .0

1 - 1 - 0 .0 7 0 .2 4 -  0 .9 5 1 .5 4 0 128 + 40 64 + 17 37 .0 1 0 3 .0
2 0 - 0 .3 2 0 .1 8 -  0 .9 0 0 .5 8 -  142 126 + 230 126 + 9 1 2 . 0 8 1 .8
2 - 1 - 0 . 2 0 0 .2 7 -  0 .5 6 0 .5 7 -  76 158 + 150 149 + 4 9 .0 81 .9
2 - 3 + 0 .5 5 1 .2 5 + 0 .3 7 0 .9 7 -  28 913 -  141 339 -  38 8 7 . 0 87 .5
3 - 1 - 0 . 2 2 0 .2 3 -  0 .3 0 0 .3 2 + 48 135 + 70 64 2 6 . 0 7 1 .3
3 + 1 - 0 .1 6 0 . 1 0 -  0 .0 9 0 .4 8 + 60 55 + 50 45 -  4 2 2 . 0 7 1 .3
4 - 1 - 0 .5 1 0 .5 3 -  0 .3 0 0 .3 1 42 131 70 61 2 6 . 0 7 0 .7
4 + 1 - 0 .3 6 0 . 2 3 -  0 . 1 0 0 .4 5 53 53 50 42 -  4 2 1 . 0 7 0 .8
5 - 1 3 .6 6 3 .6 2 1 0 .9 1 1 6 .5 8 3070 3100 -3 0 0 0 3065 -  56 81 .0 1 0 2 . 0

5 + 1 - 6 .1 5 5 .9 1 -1 0 .4 9 5 .7 8 -4465 3105 4430 3051 96 79 .0 1 0 3 .0
5 - 3 - 2 .5 5 9 .0 5 -  2 .2 4 9 . 9 9 -  944 4175 1150 4451 4 5 3 .0 1 0 6 .0
5 - 0 .5 3 .2 4 3 .5 0 9 .0 9 1 5 .5 0 2700 3126 -2 6 3 3 3076 -  47 83 .0 1 0 2 . 0

6 1 - 2 .4 0 2 . 8 -  5 .5 4 .9 20 39 2132 2 0 2 0 2094 46 5 1 .0 50 . 8

6 0 0 .8 0 2 . 0 1 .4 5 .3 580 1698 -  569 16 74 -  6 37 .0 5 0 .9
6 - 3 - 1 .4 0 4 .4 -  1 .3 5 .7 564 2354 670 2491 2 2 9 .0 5 3 .3
6 - 0 .5 - 1 . 1 0 1 .9 3 .8 5 .6 1300 159 3 -1 2 8 0 15 76 -  2 0 3 4 . 0 5 0 .9

OJ«-J



TABLE 3 (c o n t in u e d )

Case

No.

W eight

O p tio n

Tl
(a )
n s .

(b)
n s .

T2

(a )
n s .

(b)
n s .

Ai
(a )

c o u n ts
(b)

c o u n ts

Az

(a )
c o u n ts

(b)
c o u n ts

C

(a )
c o u n ts

(b)
c o u n ts

Sigm a

c o u n ts

6 (c ) 0 2 . 0 0 ----- -  2 . 0 —— 2800 ----- 1 0 0 0 ---— 1 0 0 ----- -----

7 0 0 0 . 0 1 0 0 .0 3 0 9 - 1 9 0 0 . 2 2 . 8 6

7 - 3 -  0 .0 3 0 .0 4 -  0 . 1 0 .0 6 -  2 2 24 2 0 24 0 0 .3 3 .0 3

8 0 3 .96 7 .0 1 1 .3 3 7 .8 3300 6744 -3196 6585 -5 2 2 1 4 .0 2 0 4 .0

8 - 3 1 8 .3 0 39 .0 3 .7 1 3 .2 5970 10790 -6 0 1 2 11690 15 6 5 .0 5 6 5 .0

8 (d) - 3 DIVERGED, NO SOLUTION . . 4684

8 - 0 .5 + 6 4 .1 6 0 .4 - 2 8 .7 5 .3 -5 2 8 3 4465 5450 4684 7622 2 8 8 .0 2 0 4 .0

8 + 1 1 7 .1 1 .9 5 - 5 5 .6 6 . 0 8490 760 -8544 7880 219 78 .0 2 0 7 .0

8 - 0 . 2 5 .3 6 . 0 1 9 .8 4 8 .5 4550 5643 -4 4 1 3 5452 -9 5 2 5 0 .0 2 0 4 .0

8 0 .5 2 5 .5 1 0 .3 - 3 9 .9 1 0 . 2 3890 5 707 -3 8 8 0 5 775 8 6 1 1 6 .0 2 0 4 .0

8 (e ) 0 .5 -  4 .7 1 0 . 2 -  9 .3 1 1 . 0 3732 6087 3740 6010 84 1 2 0 . 0 2 0 4 .0

(a )  T h is  column g iv e s  th e  e r r o r  i n  th e  c a l c u l a t e d  v a lu e  from  th e  t r u e  v a lu e .

(b ) T h is  column g iv e s  th e  c a l c u l a t e d  s ta n d a r d  d e v ia t io n  f o r  th e  p a ra m e te r .

(c )  T h is  ru n  was made to  check  f i n a l  r e s u l t  a g a i n s t  i n i t i a l  v a lu e s .  R e s u l t  i s  i d e n t i c a l  to  p re v io u s
0 w e ig h t  o p t io n  c a s e  b u t  i n i t i a l  p a ra m e te r  v a lu e s  w ere  d e v ia te d  from  th e  JERKl p a ra m e te rs  by 
th e  amount l i s t e d  h e r e .

(d ) T h is  c a se  r a n  th e  maximum o f  26 i t e r a t i o n s  and d iv e rg e d  way beyond  m e a n in g fu l i n t e r p r e t a t i o n .

(e )  As an a d d i t i o n a l  check  t h i s  c a se  was i n i t i a l i z e d  w ith  th e  t r u e  v a lu e s  as  g iv e n  i n  T a b le  1 .

OJ
00



CHAPTER IV 

LABORATORY EQUIPMENT AND PROCEDURES

Many f a c e t s  t h a t  sh o u ld  be p r e s e n te d  i n  t h i s  s e c t io n  have been  

t r e a t e d  in  d e t a i l  e ls e w h e re . T aking  advan tage  o f  t h i s  we d is c u s s  

m ost item s b r i e f l y ,  n o te  so u rc e s  o f  more d e t a i l  and expound on r e c e n t  

changes t h a t  have  dev e lo p ed .

F i r s t  we s h a l l  c o n s id e r  th e  so u rc e  chamber ( in v e r t r o n )  and i t s  

vacuum sy s te m . Second we s h a l l  d is c u s s  th e  e l e c t r o n i c s  a s s o c ia te d  

w ith  p u ls in g  th e  i n v e r t r o n .  T h ird  we lo o k  a t  th e  method o f  d e te c t in g  

a m onochrom atic s ig n a l  and re c o rd in g  th e  in fo rm a tio n  needed  f o r  a n a ly 

s i s  as d is c u s s e d  i n  C hap ter 111.

The sy s tem  shown s c h e m a tic a l ly  in  F ig . 8  i s  u sed  to  m easure 

l i f e t i m e s  i n  th e  ran g e  o f  2000 R to  7 800 R. Components o f  th e  pho ton  

d e te c t io n  and c o u n tin g  sy stem  m ust be  r e p la c e d  f o r  measurement above 

7800 R as m en tio n ed  below .

Source Chamber and Vacuum System

The com ponents o f  th e  sy s tem  a re  ca p ab le  o f  a t t a in i n g  a  b a se

p r e s s u r e  o f  1 0   ̂ t o r r  and had a  vacuum i n t e g r i t y  capab le  o f  h o ld in g

to  10"3 t o r r  p e r  seven  days. The so u rc e  chamber (d e s ig n a te d  in v e r t r o n

23f o r  i t s  i n v e r t e d  d iode  c o n f ig u r a t io n )  was o r ig in a te d  by H o lz b e r le in ,

39
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an a ly z e d  m a th e m a tic a lly  f o r  breakdow n by R u s s e ll^ ^  and m o d ified
g

s l i ^ t l y  by Johnson  to  th e  d e s ig n  c u r r e n t ly  i n  u se . The ho llow  

n ic k e l  ca th o d e  i s  c o a te d  w i th  m ixed c a rb o n a te s  o f  ba rium , calcium  and 

s tro n tiu m , a i r  d r i e d ,  th e n  h e a te d  in d u c t iv e ly  a t  o r  s l i g h t l y  above 

o p e ra t in g  te m p e ra tu re  f o r  a f u l l  day u nder c o n tin u o u s  pumping f o r  

o u tg a s s in g .

E le c t r o n ic s  f o r  Source A c t iv a t io n  

The s o u rc e  e x c i t a t i o n  r a t e  i s  c o n t r o l le d  by a T e k tro n ix  105 

Square Wave G e n e ra to r  in  p la c e  o f  th e  l e s s  v e r s a t i l e  neon b u lb  r e 

l a x a t io n  o s c i l l a t o r .  B ecause  o f  th e  h ig h  v o l ta g e s  a p p lie d  to  th e  2D21 

th y ra tro n s  u sed  f o r  s w i tc h in g  th e  so u rc e  v o l ta g e ,  th e  frequency  m ust 

be a d ju s te d  to  f in d  a  s t a b l e  f i r i n g  r a t e .  The a c t i v a t i o n  p u lse s  

o f  i n t e r e s t  h e re  a re  e i t h e r  s in g le  p u ls e  p e r  c y c le  from  d isc h a rg in g  

a le n g th  o f  c o a x ia l  c a b le  th ro u g h  th e  i n v e r t r o n  ( t h i s  method b y p a sse s  

th e  double p u ls e  g e n e r a to r ) , o r  two p u ls e s  p e r  c y c le  i n  which the  

f i r s t  sq u a re  p u ls e  i s  o b ta in e d  by d is c h a rg in g  a  lumped p a ra m e te r  de

la y  l i n e  ( a r t i f i c i a l  c o a x ia l  c a b le )  o f  o n e - h a l f  to  f iv e  m icroseconds 

d u ra t io n  and th e  seco n d  p u ls e  i s  th e  same as t h a t  u sed  when s in g le  

p u ls in g . L eng ths o f  p u ls e s  a v a i l a b le  from  th e  c o a x ia l  c a b le  a r ra n g e 

m ents a re  1 0 , 8 8 , 9 3 , 1 2 6 , 512 and 760 nanoseconds o r  v a r io u s  combi

n a t io n s  t h e r e o f .  The d e la y  betw een  p u ls e s  o u t  o f  th e  double  p u ls e  

t im e r  i s  c o n tin u o u s ly  v a r i a b l e  o v e r  a  ran g e  o f  0 to  50 m icro seconds.
g

The double  p u ls e  g e n e ra to r  i s  s im i l a r  to  th e  " t im e r"  o f  Johnson (p . 

140 ). B ecause o f  th e  e x te n s iv e  m o d if ic a tio n s  in c o r p o r a te d ,  a r e c e n t  

sch em a tic  o f  th e  doub le  p u ls e  g e n e ra to r  i s  shown in  F ig . 9 . The
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v o l ta g e  a p p l ie d  to  th e  in v e r t r o n  i s  m o n ito red  v i a  a  h ig h  sp eed  ( 2 . 3  n s  

r i s e  tim e) o s c i l lo s c o p e .

D e te c t in g  and R eco rd ing  D ata

U sing  a  q u a r tz  l e n s ,  l i g h t  from th e  i n v e r t r o n  i s  fo c u sse d  on to  

th e  e n tr a n c e  s l i t  o f  a  m e te r  J a r r e l- A s h  m onochrom ator. The s e l e c t e d  

l i n e  i s  m o n ito re d  by a  56TUVP Amperex p h o to m u l t ip l i e r .  The photom ul

t i p l i e r  o u tp u t  i s  a m p lif ie d  by an O rtec  271 C o n s ta n t F r a c t io n  Timing 

(CFT) b a s e  w hich can b e  b ia s e d  w ith  th e  O rtec  403A Time P ic k o f f  Con

t r o l  (TPC) to  d i s c r im in a te  a g a in s t  low l e v e l  ( i . e .  n o n -ca th o d e  o r i 

g in a te d )  p u l s e s .  T his p u ls e  i s  a p p lie d  to  th e  s to p  g a te  o f  th e  O rte c  

437A Time to  P u ls e  H e ig h t C o n v e rte r  (TPHC) w hich was p re v io u s ly  

tu rn e d  on by a n e g a t iv e  p u ls e  o b ta in e d  by d i f f e r e n t i a t i o n  o f  th e  

sq u a re  wave a p p lie d  to  th e  i n v e r t r o n .  The d i f f e r e n t i a t o r  c o n s is t s  

o f  a  s e r i e s  v a r i a b le  r e s i s t o r  and v a r i a b le  c a p a c i to r  so  as to  a llo w  

a d ju s tm e n t o f  th e  d i f f e r e n t i a t e d  s ig n a l  u n t i l  th e  f i r s t  n e g a tiv e  p u ls e  

i s  too  s m a ll to  t r i g g e r  th e  TPHC, y e t  th e  seco n d  n e g a t iv e  p u ls e  (w hich 

i s  much s h a rp e r )  i s  l a r g e  enough to  p ro v id e  a  s t a b l e  t r i g g e r  p o in t .

The v o l ta g e  p u ls e  o u t o f  th e  TPHC, w hich i s  p r o p o r t io n a l  to  th e  tim e  

betw een  s t a r t  and s to p  s i g n a l s ,  i s  re c o rd e d  in  a  m u ltic h a n n e l a n a ly z e r  

o p e ra t in g  i n  a  p u ls e  h e ig h t  a n a ly s is  (PHA) mode.

A ccum ulation  o f  d a ta  p ro ce e d s  f o r  45 to  75 m in u tes  u n t i l  a 

s a t i s f a c t o r i l y  sm ooth curve i s  o b ta in e d . D egree o f  sm oothness r e 

q u ire d  depends upon th e  number o f  e x p o n e n tia l  com ponents a n t i c ip a t e d  

to  b e  p r e s e n t  i n  th e  d a ta  and th e  p r e c i s io n  r e q u i r e d  o f  each  p a ra m e te r . 

The r e s u l t i n g  d a ta  when d is p la y e d  on an o s c i l lo s c o p e  has  th e  shape  o f
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an e x p o n e n tia l  decay (assum ing  no abnorm al e f f e c t s  in  th e  d isc h a rg e )  

a s  e x p e c te d  from  an i n t e n s i t y  (number o f co u n ts  in  a ch an n el) v e rsu s  

tim e  (c h a n n e l n unber) a c q u i s i t i o n .  The a c q u ire d  d a ta  i s  p r in t e d  

th ro u g h  a 33ASR te le ty p e  and s im u lta n e o u s ly  punched on p a p e r  ta p e .

T h is  p a p e r  ta p e  i n  tu rn  can b e  lo a d e d  on to  a  com puter d a ta  f i l e  f o r  

a n a ly s i s  as d e s c r ib e d  in  C h ap te r I I I .

A very  im p o r ta n t f a c to r  i n  th e  accu racy  o f  m easurem ents made by 

c o in c id e n c e  c o u n tin g  i s  th e  r a t i o  o f  a c q u is i t i o n  r a t e  to  th e  so u rc e  

p u l s a t io n  r a t e .  T his problem  a r i s e s  from  th e  f a c t  t h a t  o n ly  th e  f i r s t  

pho ton  o b se rv e d  from  each  e x c i t a t i o n  i s  re c o rd e d  w ith  a l l  o th e r s  

ig n o re d . I t  i s  th en  n e c e s s a ry  to  r e q u i r e  a  n e g l ig ib l e  p r o b a b i l i t y
g

o f  m u lt ip le  pho ton  d e te c t io n  by th e  p h o to m u l t ip l ie r .  Johnson (pp . 

19-25) has  c o n s id e re d  t h i s  p rob lem  a n a ly t i c a l l y  and has a r r iv e d  a t  

a  c o r r e c t io n  fo rm u la  f o r  each  d a ta  p o in t .  I t  a p p e a rs , how ever, t h a t  

a  n e g l i g ib l e  e f f e c t  on l i f e t i m e  i s  e x p e c te d  when th e  a c q u is i t i o n  r a t e  

i s  h e ld  to  l e s s  th an  10% o f  th e  so u rc e  p u ls e  r e p e t i t i o n  r a t e .  This 

c o n te n t io n  was upheld  by an ex p e rim e n t i n  w hich an in c a n d e s c e n t  l i g h t  

was p la c e d  b e fo r e  th e  m onochrom ator and i t s  i n t e n s i t y  p r o f i l e  was 

found  to  be  f l a t  (w ith in  a norm al s t a t i s t i c a l  d i s t r i b u t i o n ) .  This 

e x p e rim en t a ls o  se rv e d  to  c e r t i f y  th e  l i n e a r i t y  o f  th e  m u ltic h a n n e l 

a n a ly z e r  and p ro p e r  a d ju s tm e n t o f  i t s  c o n t r o l s .  P erhaps a  more con

c lu s iv e  d e m o n s tra tio n  o f  t h i s  e f f e c t  w ould be to  choose an a p p a re n tly  

c a s c a d e - f re e  t r a n s i t i o n  such as th e  Ng 3914 band and d e te rm in e  l i f e t im e  

a t  80%, 50%, 10% and 1% a c q u i s i t i o n - t o - p u l s a t i o n  r a t i o .
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T u n n e l-Diode M onostable M ii l t iv ib r a to r  Preamp

In  o rd e r  to  e x te n d  o u r  c a p a b i l i ty  i n to  th e  S-1 s p e c t r a l  re sp o n se  

range o f  th e  i n f r a r e d  sp ec tru m  an a s ta b le  m u l t iv i b r a t o r  c i r c u i t  u t i 

l i z i n g  a  low c a p a c i ta n c e  tu n n e l-d io d e  h as  b een  b u i l t .

C o n s tru c tio n  o f  t h i s  c i r c u i t  was b a se d  on a  d e s ig n  d e s c r ib e d  in

25th e  tu n n e l-d io d e  handbook. The tu n n e l  d iode  c i r c u i t ,  w hich i s  shown 

in  F ig . 1 0 (a ) i s  en cased  i n  a 1 cm x 1 cm x 3 cm m e ta l box f o r  s h ie l d 

in g . In p u t  and o u tp u t a tta ch m e n ts  a re  made w ith  BNC c o n n e c to rs . Op

e r a t i o n  o f  th e  preamp r e q u i r e s  a DC b ia s  to  a l e v e l  j u s t  below  th e  120 

ms peak  in  th e  tu n n e l  d io d e  c h a r a c t e r i s t i c  cu rve  shown in  F ig . 1 0 (b ) . 

Under such  a c o n d it io n  th e  d iode i s  cau sed  to  s w itc h  a t  c o n s ta n t c u r

r e n t  to  600 mv upon r e c e iv in g  th e  5 ms G aussian  p u ls e  from th e  PMT. 

E x ac t a d ju s tm e n t o f  th e  b i a s  l e v e l  i s  d e te rm in e d  e x p e r im e n ta l ly  so  as 

to  cause  s w itc h in g  o n ly  when a pho ton  s t r i k e s  th e  PMT c a th o d e . I t  i s  

th e  c o n s ta n t  c u r r e n t  tendency  o f  th e  in d u c ta n c e  t h a t  m a in ta in s  th e  

tu n n e l-d io d e  c u r r e n t  d u rin g  i t s  s w itc h in g  o p e r a t io n .

The o u tp u t  p u ls e  from  th e  c i r c u i t  has  th e  form  shown i n  F ig .

1 0 (c ) when te rm in a te d  in to  500. T h is o u tp u t p u ls e  f u l f i l l s  th e  s to p  

s ig n a l  re q u ire m e n ts  o f  th e  t im e - to - p u ls e  h e ig h t  c o n v e r te r  used  f o r  

d e la y e d  c o in c id e n c e  te c h n iq u e s .

A check o f  f e a s i b i l i t y  was u n d e rta k en  by e x p o s in g  an S-1  re sp o n se  

p h o to m u l t ip l ie r  to  a  c o n s ta n t l e v e l  l i g h t  s o u rc e  ( a  h o t  ca th o d e) 

s to p p e d  down w ith  an i r i s  u n t i l  a  coun t r a t e  o f  1 0  p e r  cen t o f  th e  

s t a r t  s ig n a l  r e p e t i t i o n  r a t e  was o b se rv e d . C ounting  a t  t h i s  l e v e l  

p roduced  th e  e x p e c te d  d a ta  s e t  c o n s i s t in g  o f  e q u a l coun ts  i n  a l l  

ch an n els  w i th in  th e  norm al e r r o r  d i s t r i b u t i o n ,  i . e . ,  e r r o r  v a ry in g
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in v e r s e ly  w ith  th e  sq u a re  ro o t  o f  th e  number o f c o u n ts  accum ula ted  i n  

each  c h a n n e l. For b e s t  r e s u l t s  th e  p h o to m u l t ip l i e r  v o l ta g e  was s e t  a t  

i t s  maximum a llo w a b le  v a lu e  and co o led  to  l i q u i d  n i t r o g e n  te m p e ra tu re .



CHAPTER V

EXCITED STATE LIFETIME MEASUREMENTS IN ATOMIC HELIUM

In  t h i s  c h a p te r  we s h a l l  I n s p e c t  th e  new d a ta  o b ta in e d , compare

i t  to  r e s u l t s  o f  o th e r s  and a tte m p t to  a n a ly z e  i t s  m eaning. For a l l  

c a se s  th e  i n t e n s i t y  v s .  tim e d a ta  was a n a ly z e d  by d i g i t a l  com puter 

u s in g  th e  program s d is c u s s e d  in  C h ap te r IV . Where a s u f f i c i e n t l y  

l a r g e  sam pling  o f  o b se rv e d  l i f e t i m e  as a  fu n c t io n  o f p r e s s u r e  was 

a v a i l a b l e  th e  d a ta  was f i t t e d  to  a  s t r a i g h t  l i n e  u s in g  a l i n e a r  r e 

g r e s s io n  w ith  a p p r o p r ia te  w e ig h tin g  to  c o n v e r t  to  r e c ip r o c a l  l i f e t im e s  

f o r  th e  f i t .  S t a t i s t i c a l  w e ig h ts  f o r  th e  p o in ts  w ere th e  u n c e r ta in 

t i e s  developed  by th e  n o n - l i n e a r  l e a s t  sq u a re s  f i t  o f  th e  d a ta  to  

e x p o n e n tia l  f u n c t io n s .  The most p ro b a b le  r e s u l t s  in d ic a te d  by 199 

in d iv id u a l  m easurem ents o f  l i f e t i m e  a re  shown g r a p h ic a l ly  i n  F ig s .

11 th ro u g h  17. In  m ost c a s e s ,  above n= 5 , th e  d a ta  e x h ib i te d  two ex

p o n e n t i a l  com ponents, th e  f a s t e r  component b e in g  more c h a r a c t e r i s t i c  

o f  ^P s t a t e  l i f e t i m e s  th a n  o f  th e  s t a t e  o b se rv e d . I'Jhen t h i s  o c c u rre d  

th e  " c a s c a d e " , se c o n d , o r  s lo w e r  l i f e t i m e  was i d e n t i f i e d  w ith  the  

s t a t e  o b se rv ed . The u n c e r t a i n t i e s  q u o te d  f o r  c a lc u la te d  o r  NBS de

r iv e d  r e s u l t s  a re  th o s e  s e t  by th e  NBS a u th o rs .

48
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A n a ly s is  o f  He n^S T r a n s i t io n s  (n=3-9)

(R e s u lts  a re  shown in  F ig .  1 1 .)

From s i x  p re s s u re  m easurem ents th e  l i f e t i m e  o f  He 3^S has  been 

d e te rm in e d  to  be 55.9±2 n s .  The d a ta  o b ta in e d  had no d is c e rn a b le
4

cascade  c o n tr ib u t io n .  F o r com parison th e  l i f e t i m e  d e riv e d  from  NBS 

t r a n s i t i o n  p r o b a b i l i t i e s  i s  5 3 .2 ± 1 .5  n s .  T hat o f O sherov ich  and 

V e ro la in en ^ ^  i s  60±3 n s ,  w hereas B e n n e tt ,  K indlem ann and M ercer^^ 

m easured  55 n s .

The l i f e t i m e  f o r  4^8 o f  89±3 ns was r e p o r te d  by Johnson and 

28F ow ler. In  com parison t o  t h i s  a  v a lu e  o f  89,8±3 i s  o b ta in e d  from 

NBS^ t r a n s i t i o n  p r o b a b i l i t i e s ,  84 ns i s  r e p o r te d  by B e n n e tt e t  a l ^  ̂

and 75±4 n s  was r e p o r te d  by O sherov ich  and V e ro la in e n .

The l i f e t i m e  o f  5^8 was d e te rm in e d  to  be  160±3 ns from  d e te rm in a

t io n s  a t  5 p r e s s u r e s .  T h is s t a t e  e x h ib i te d  no secondary  o r  cascade

l i f e t i m e  in  any m easurem ents. T his v a lu e  can be compared to  th e  NB8 -

4 29d e r iv e d  v a lu e  o f 151±15 n s ,  th e  P e n d le to n  and Hughes m easured  v a lu e

o f  144±3 n s , th e  O sherov ich  and V e ro la in en ^ ^  m easured v a lu e  o f  115±5

30 31n s ,  A lle n  e t  a l  m easured  118±8 n s ,  K indlem ann and B e n n e tt m easured

27333+18 n s ,  and B ennett e t  a l  m easured 141 n s .

A l i f e t i m e  o f  210±4 n s  was d e te rm in e d  f o r  6 ^ 8  from d a ta  a t  seven  

d i f f e r e n t  p r e s s u r e s ,  each  case  e x h ib i t i n g  two e x p o n e n tia ls .  The s h o r te r  

component l i f e t im e s  f e l l  betw een th e  n o n -b lo ck ad ed  6 ^P l i f e t i m e  o f  

1 2 .9  n s  and th e  b lo ck a d e d  v a lu e  o f  269 n s  and e x h ib i te d  th e  c h a ra c te r 

i s t i c  t r e n d  o f a b lo ck a d e d  s t a t e ,  w hich i s  to  in c re a s e  w ith  p r e s s u r e ,  

r a t h e r  th a n  to  d e c re a se  as  w ith  norm al q u en ch in g . For com parison  one 

can c a lc u la t e  a  v a lu e  o f  240+12 ns from  NBS^ t r a n s i t i o n  p r o b a b i l i t i e s .
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F or 7^S o n ly  one p r e s s u r e  was u sed . T his m easurem ent e x h ib i te d  

two com ponents o f  44±4 n s  and 192+24 ns a t  140 m icrons o f  Hg. Assumr- 

in g  a  q u en ch in g  c ro s s  s e c t io n  o f  7x10” ^^cm^ f o r  t h i s  l e v e l ,  th e  slow

component c o u ld  y i e l d  a l i f e t i m e  n e a r  th e  356+35 ns c a lc u la te d  from

4 32NBS and G a b r ie l  and H eddle t r a n s i t i o n  p r o b a b i l i t i e s .  Such a  c ro s s

s e c t io n  i s  n o t  in c o m p a tib le  w ith  t h a t  o b se rv ed  f o r  o th e r  s t a t e s  w here 

a  p r e s s u r e  dependence was o b ta in e d . The e x p o n e n tia l  am p litu d es  o f  

th e  two components w ere o f  ap p ro x im a te ly  e q u a l m agnitude b u t  s in c e  

t h i s  r e p r e s e n t s  i n t e n s i t y  r a t h e r  th an  p o p u la t io n  each  m ust be m u l t ip l ie d  

by th e  c o rre s p o n d in g  l i f e t i m e  to  o b ta in  r e p r e s e n ta t i v e  tim e z e ro  (end  

o f  e x c i t a t i o n )  p o p u la t io n  d e n s i t i e s .  This w ould in d ic a te  a p o p u la t io n  

due to  d i r e c t  e x c i t a t i o n  o f  ap p ro x im ate ly  fo u r  tim es t h a t  due to  th e  

a l t e r n a t e  p r o c e s s .  The p ro c e s s  c a u s in g  th e  44 n s  l i f e t i m e  cou ld  n o t  

be due t o  c a sc a d e , f o r  th e  r a t e  e q u a tio n s  w ould  r e q u i r e  i t s  c o e f f i 

c ie n t  to  be  n e g a tiv e  w hich was n o t th e  c a se . In  a d d i t io n  an in d ep e n 

d e n t m easurem ent o f  7^P a t  150 y-Hg y ie ld s  a  l i f e t i m e  o f  49 ns w hich  

was com parab le  to  th e  f a s t  component o f  th e  7^S decay .

For 8 ^S fo u r  m easurem ents o f  l i f e t i m e  w ere o b ta in e d ,  each o f  

w hich in d ic a te d  a t  l e a s t  two components and th e  two h ig h e s t  p r e s s u r e  

m easurem ents a t  140 y-Hg in d ic a te d  th re e  components th e  f a s t e s t  o f  

w hich ( 1 1  n s )  was q u i te  p o s s ib ly  due to  barium  w hich h as  a very  s t r o n g  

l i n e  a t  th e  same w a v e len g th . The o th e r  two m easurem ents a t  76 y-Hg 

and 110 y-Hg ap p eared  as two e x p o n e n t ia ls ,  th e  f a s t  components o f  w hich  

a t  55 and 59 ns a re  very  s i m i l a r  to  t h a t  o b se rv e d  f o r  8 ^P. The lo n g e r  

l iv e d  com ponents a t  431±27 and 550±200 n s ,  a lth o u g h  s t a t i s t i c a l l y  

v e ry  u n c e r t a in  due to  an i n s u f f i c i e n t  su p p ly  o f  d a ta ,  do compare
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fa v o ra b ly  to  a c a lc u la t e d  v a lu e  o f  521±52 ns a t  z e ro  p r e s s u r e .  The 

r a t i o  o f  c o e f f i c i e n t s  o f  th e s e  two components i n d ic a te d  t h a t  about 

1 /3  o f  th e  decayed  s t a t e s  came th ro u g h  th e  f a s t e r  p r o c e s s .

For 9^S one m easurem ent was made a t  145 p-Hg and a p p e a re d  to  

be a  s in g le  e x p o n e n tia l  h av in g  a  l i f e t i m e  o f  47±1 n s .  T h is  i s  most 

l i k e l y  due to  th e  inadequacy  o f  th e  tim e s c a le  u sed  to  r e s o lv e  a 

l i f e t i m e  on th e  o r d e r  o f 700 n s  as  e x p e c te d  from th e  9^S s t a t e .  The 

v a lu e  o b se rv ed  h e re  i s  l a r g e r  th a n  b u t  on th e  o rd e r  o f  th e  36 ns ob

s e rv e d  f o r  9^P a t  140 p-Hg.

He n^P T r a n s i t io n s  (n=5-10)

(See F ig . 1 2 .)

I t  was n o t  o r i g i n a l l y  p ro p o sed  to  m easure th e s e  t r a n s i t i o n s  be

cause o f  th e  n o n l in e a r  e f f e c t s  o f  "b lo c k a d in g "  due to  re so n a n c e  ab

s o r p t io n ;  how ever, s e v e r a l  w ere m easured in  th e  c o u rs e  o f  th e  e x p e r i

ment f o r  com parison  to  anom alies found  in  o th e r  s t a t e s .  I t  sh o u ld  be 

p o s s ib le  e v e n tu a l ly  to  p la c e  th e s e  r e s u l t s  on th e  l i f e t i m e  curves 

g iv en  in  F ig . 1 when th e  t r u e  c o n s ta n ts  o f  th e  e q u a tio n s  and th e  com

p l e t e  s e t  o f  e q u a tio n s  have b een  found and s o lv e d  f o r  th e  t r a n s f e r  

p ro c e s s e s .  The d a ta  m easured f o r  s t a t e s  i s  g iv e n  i n  T ab le  4.

TABLE 4 . MEASURED LIFETIMES OF n^P TRANSITIONS.

L ev e l P re s s u re  f a s t  l i f e t i m e  slow  l i f e t i m e  
___________ p-Hg__________ (n s)______________ (n s)______

5lP  100 2 7 .9 + 0 .3  114 ±4
140 2 3 .1 ± 0 .4  108 ±4

6 lp  40 3 3 .8 + 0 .6  293±25
120 2 3 .4 ± 0 .4  200 ±7

35 2 0 .2 ± 0 .2  153 ±5
200 1 8 .0 + 0 .3  214 ±4
300 1 7 .7 + 0 .5  196 ±4
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L evel P r e s s u re f a s t  l i f e t i m e slow  l i f e t i m e
P-Hg (ns) (n s)

7lp 125 1 6 .8 ± 0 .3 146 13
----- 150 49 .0 ± 2 .0 355140
----- 150 2 4 .0 ± 1 .0 280124

8 ^P 78 3 0 .0 1 2 .0 153 14
----- 1 2 0 1 7 .4 1 0 .5 356133
----- 145 6 7 .0 1 3 .0
----- 145 4 2 .0 1 1 .0
----- 150 4 6 .0 1 1 .0
——— 500 1 5 .0 1 1 .0 1 2 0 1 1 1

9 Ip 140 3 6 .0 1 2 .0 259 17

1 0  ip 130 3 8 .0 1 2 .0 255110

A n a ly s is  o f  n.̂ D T r a n s i t io n s (n=3-9)

(See r e s u l t s  i n  F ig .  1 3 .)

From th r e e  m easurem ents th e  z e ro  p r e s s u r e  l i f e t i m e  o f  th e  3^D 

s t a t e  was d e te rm in ed  to  be 20±1 n s .  T h is  r e s u l t  com pares to  1 5 .4 + 0 .5  

ns c a lc u la te d  from  NBS^, 16±1 ns as m easured  by O sherov ich  and V ero-

la in e n ,^ ^  1 5 .5 ± 1 .5  ns m easured by A lle n  e t  a l ,^^  18±5 ns m easured

33 31e a r l i e r  by F ow ler e t  a l , 16±4 n s  m easured  by Kindlem ann and B e n n e tt

27and 22 ns m easured e a r l i e r  by B en n e tt e t  a l . The th r e e  d a ta  p o in ts  

a t  26 , 58 and 90 p-Hg f i t  a  s t r i g h t  l i n e ,  e x h ib i t in g  a  q u ench ing  c ro s s  

s e c t io n  o f  3. 7xlO~^‘̂ cm^. These r e s u l t s  compare q u i t e  fa v o ra b ly  w ith  

th a t  o f  D r t i l ^ ^ ,  who m easured  a l i f e t i m e  o f  20 .5+ 0 .9  ns and a  "depo

l a r i z a t i o n "  c ro ss  s e c t io n  o f  6.0xlO""^^cm^ u s in g  th e  H anle te c h n iq u e .

The d a ta  a l l  e x h ib i te d  two e x p o n e n tia l  c h a r a c t e r i s t i c s ,  th e  lo n g e r  

o f  w hich i s  su rm ised  to  be  from one o r  more ^F s t a t e s .  The lo n g e r  

component l i f e t im e s  d id  n o t  appear to  f i t  a  s t r a i g h t  l i n e  as w e l l  as 

d id  th e  s h o r t  com ponent. I t  a p p e a re d , how ever, t h a t  an e x t r a p o la t io n  

o f  th e  second  component w ould f a l l  i n  a  range  from  400 ns to  1100 ns
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w hich i s  th e  range  f o r  7 , 8 , 9 and 10 ^F.

M easurem ents by t h i s  m ethod o f  4^D w ere r e p o r te d  e a r l i e r  by
28 A

Johnson and Fow ler to  be  41±3 n s .  T h is  r e s u l t  com pares to  th e  NBS

d e r iv e d  v a lu e  o f  3 7 .8 ± 1 .2  n s , O sherov ich  and V e ro la in e n ’s  m easured

29v a lu e  o f  30±2 n s ,  P e n d le to n  and Hughes m easured  v a lu e  o f  47±5 n s ,

30 33A lle n  e t  a l  m easured  38±5 n s .  F ow ler e t  a l  i n  an e a r l i e r  m easure-

31ment r e p o r te d  35±4 n s ,  K indlem ann and B e n n e tt m easured  i t  a t  33±6

35 27n s ,  C hin-B ing  and Head m easured  44±5 ns and B e n n e tt  e t  a l  m easured

34 n s .

The 5^D l i n e  was m easu red  a t  two p r e s s u r e s  and e x t r a p o la te d  to  

56 n s .  However, b e c a u se  o f  th e  la c k  o f  d a ta  to  e s t a b l i s h  th e  l i n e  more 

d e f i n i t e l y  a l a r g e  e r r o r  o f  ±10 ns i s  a s s ig n e d  to  th e  v a lu e .  These 

l i f e t i m e s  a ls o  e x h ib i te d  two e x p o n e n tia l  c h a r a c t e r i s t i c s ,  th e  lo n g e r  

o f  w hich  i s  th o u g h t to  b e lo n g  to  a h ig h e r  ^F s t a t e .  Due to  u n cer

t a i n t i e s  in  th e  m easured  s lo w e r  decay c o n s ta n t  and th e  la c k  o f  s u f f i 

c i e n t  p r e s s u r e  s t a t i s t i c s  th e y  canno t r e l i a b l y  be  e x t r a p o la te d  to  

z e ro  p r e s s u r e .  I t  i s  how ever w i th in  range o f  w hat one m ight ex p e c t 

f o r  th e  f r e e  atom l i f e t i m e s  o f  7 , 8 , 9 o r 10 ^F. For com parison  th e  

v a lu e  o b ta in e d  from  NBS t r a n s i t i o n  p r o b a b i l i t i e s  i s  72 .7± 3  n s  w hereas 

O sherov ich  and V e ro la in e n ^ "  o b se rv e d  46±3ns and B e n n e tt  e t  a l " mea

s u re d  59 n s .  The 6 ^D l i f e t i m e s  m easured  a t  f iv e  p r e s s u r e s  e x h ib i te d  

two e x p o n e n tia l  b e h a v io r ;  how ever, th e  f a s t  component ap p e are d  w e l l -  

behaved  ( q u i t e  l i n e a r )  w i th  p r e s s u r e  and e x t r a p o la te d  to  72±3 n s .

In  com parison th e  v a lu e  c a lc u la t e d  from  NBS^ d a ta  o b ta in s  123+12 n s .  

The c a scad e  o r  s lo w e r  com ponent a l s o  f i t s  a s t r a i g h t  l i n e  q u i te  w e ll  

and e x t r a p o la t e s  to  380±30 n s  w hich compares q u i t e  w e l l  to  t h a t  expec-
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te d  f o r  7^F of 370 n s  as c a lc u la te d  from  t r a n s i t i o n  p r o b a b i l i t i e s

computed by Jobe and S t .  Jo h n .^ ^

F or 7^D a s e t  o f  fo u r  l i f e t i m e s  was m easu red , each  member o f

w hich e x h ib i te d  doub le  e x p o n e n t ia l s .  The f i r s t  component i n d ic a te d

a ze ro  p r e s s u r e  l i f e t i m e  o f  65±20 n s ;  th e  se co n d , a v a lu e  on th e
4

o rd e r  o f  800±200 n s .  N e i th e r  v a lu e  a g re e s  w ith  th e  c a lc u la te d  v a lu e  

o f  207±40 f o r  t h i s  l e v e l .  The v a lu e  o f  800 ns com pares q u i t e  w e l l  

how ever w i th  th e  c a lc u la te d  v a lu e  f o r  9^F. I t  i s  p ro b a b le  t h a t  b o th  

c o l l i s i o n a l  t r a n s f e r  d i r e c t  to  7^D and th rough  8 ^F and 9^F w ere  p r e 

s e n t  and masked th e  t r u e  F s t a t e  l i f e t i m e .  Such a p re se n c e  w ould  y i e l d  

a  th r e e - e x p o n e n t ia l  decay and m ight be  o b se rv e d  w ith  b e t t e r  s t a t i s t i c s  

u s in g  a  lo n g e r  a c q u i s i t i o n  tim e  a t  each  p r e s s u r e .

F or 8 ^D on ly  two m easurem ents w ere made y i e ld in g  s h o r t  component 

l i f e t i m e s  o f  2 6 .6 ± 0 .4  ns and 33±1 ns a t  100 and 110 y-Hg r e s p e c t i v e ly .  

The l o n g e r - l i v e d  components w ere  286±2 n s  and 577±13 ns r e s p e c t iv e ly .
4

A gain none o f  th e s e  compare fa v o ra b ly  to  th e  c a lc u la te d  v a lu e  o f

297±9 n s .  I t  i s  a p p a re n t  t h a t  th e  t r u e  l i f e t i m e  a t  t h i s  l e v e l  i s

a g a in  m asked by o th e r  p r o c e s s e s .  The s h o r t  component l i f e t i m e  i s  no

ta b ly  s i m i l a r  to  t h a t  e x p e c te d  o f  8 ^P l i f e t i m e s  s u g g e s t in g  t h a t  a  d i 

r e c t  t r a n s f e r  i s  now b e g in n in g  to  s e t  in  a t  t h i s  l a r g e  v a lu e  o f  n .

F or 9^0 o n ly  one m easurem ent was o b ta in e d  a t  110 y-Hg y i e ld in g  

l i f e t i m e s  o f  56±1 n s  and 298±6 n s .  A p l o t  o f  r e s id u a ls  ( d a ta  m inus 

th e  two e x p o n e n tia ls )  in d ic a te d  th e  p o s s ib le  p re se n c e  o f  a t h i r d  

e x p o n e n tia l  b u t  i t  was n o t  e x t r a c t a b l e .  N e i th e r  v a lu e  a g re e s  w ith  

th e  c a lc u la te d ^  v a lu e  o f  420±50 n s ,  and i t  i s  a g a in  a p p a re n t t h a t  th e  

s h o r t  component e x h ib i t s  c h a r a c t e r i s t i c s  s i m i l a r  to  t h a t  o b se rv e d  i n
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g lp ,  in d ic a t in g  a d i r e c t  t r a n s f e r  mechanism.

A n a ly s is  o f n^S r e s u l t s  (n=3-9)

(See F ig . 1 4 .)

The 3^8 l e v e l  was m easured a t  e le v e n  p r e s s u r e s  and d id  n o t  ap p e ar

to  c o n ta in  more th a n  one e x p o n e n tia l .  R e s u lts  o f  th e  d a ta  s u g g e s ts
4

a  f r e e  atom l i f e t i m e  o f  57±1 n s .  T h is compares to  an NBS d e r iv e d  

v a lu e  o f  36.4±1 ns and a v a lu e  o f  47±3 ns as m easured  by O sherov ich  

and V e ro la in e n .

28The 4^8 v a lu e  o f  62±3 ns was re p o r te d  by Johnson  and Fow ler.
4

T h is compares to  64±6 ns o b ta in e d  from  NBS t r a n s i t i o n  p r o b a b i l i t i e s

and m easured v a lu e s  o f  69+3 ns by O sherov ich  and V e r o l a i n e n , 6 8 ± 1

29 23ns by P e n d le to n  and H ughes, 59±6 ns by H o lz b e r le in ,  65+4 ns by

Kindlem ann and B e n n e t t , 6 5 ± 3  n s  by N ic h o ls  and W i l s o n , 67.5+1 ns

by Heron e t  a l ,^ ^  77.5+4 ns by B e n n e tt and D a lb y ,^ ^  44 n s  by B e n n e tt

27 30 33
e t  a l , 64 .5±1 ns by A llen  e t  a l , 59±6 ns by Fow ler e t  a l , and

52±5 ns by C hin-B ing  and H ead.^^

For 5^S two m easurem ents a t  d i f f e r e n t  p r e s s u r e s  w ere o b ta in e d  

h av in g  l i f e t i m e s  o f  58±0.6 ns and 108.5+1 n s  a t  170 and 35 y-Hg r e 

s p e c t iv e ly .  These a p p a re n tly  s in g l e  e x p o n e n tia l  r e s u l t s  e x t r a p o la t e  

to  140±20 n s  a t  z e ro  p r e s s u r e  w ith  a  c r o s s - s e c t io n  o f  2.5^10~^^cm^

w hich i s  i n  g e n e ra l  agreem ent w ith  o th e r  quen ch in g  c r o s s - s e c t io n s  o b -
4

se rv e d  i n  t h i s  e x p e rim e n t. The c a lc u la te d  v a lu e  i s  l l O t l l  n s ,  w hereas

26 27O sherov ich  and V e ro la in e n  have m easured 106±5 and  B e n n e tt e t  a l

have m easured 65 n s .

The l i f e t i m e s  m easured f o r  6 ^ 8  showed two e x p o n e n tia ls .  The

r e c ip r o c a l  l i f e t i m e  d id  n o t  a p p e a r  ve ry  l i n e a r  w ith  p r e s s u r e  f o r
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th e  f a s t  component and su g g e s te d  a v a lu e  o f  75±2G n s  w hereas th e  

lo n g e r - l iv e d  components i n d ic a te  a z e ro  p r e s s u r e  l i f e t i m e  o f 400±100. 

By com parison th e  c a lc u la te d ^  v a lu e  i s  183±18 n s .

F o r 7^S fo u r  m easurem ents gave f a s t  components betw een 63 and 

129 ns w hich a re  lo n g e r  th an  th o se  o b se rv ed  a t  7^P b u t  s h o r te r  than  

c a lc u la te d ^  f o r  7^S a t  260 n s .  The lo n g e r  l i f e t i m e s  m easured ranged  

from 356 ns to  602 n s .  A ll sam ples e x h ib i te d  two e x p o n e n tia l  compo

n e n ts .

F o r 8 ^S fo u r  m easu rem en ts, th r e e  a n a ly z e d  as two e x p o n e n tia ls ,  

y ie ld e d  f a s t  component l i f e t i m e s  ra n g in g  from  50 to  87 ns and slow  

components ra n g in g  from  203 to  577 n s .  These compare to  a  c a lc u la 

te d  v a lu e  o f  360 n s .  From T able  4 we se e  t h a t  th e  f a s t  component 

i s  on th e  o rd e r  o f  th e  8 ^P m easured t r a n s i t i o n s .  Two m easurem ents 

a t  9%  y ie ld e d  two e x p o n e n tia ls  e a c h , th e  s h o r t e r  o f  w hich were 26

and 36 ns (com parab le  to  9^P r e s u l t s ) .  The lo n g e r  components w ere
4

171 and 238 ns w hich i s  much s h o r t e r  th an  th e  c a lc u la te d  v a lu e  o f  

500 ns f o r  t h i s  l e v e l .

We can co nc lude  t h a t  i n  th e  ca se  o f  th e  n^S s t a t e s ,  th e  sm a ll 

c ro ss  s e c t io n  f o r  d i r e c t  e x c i t a t i o n  causes th e  d i r e c t  t r a n s f e r  from 

n^P w hich becomes in c r e a s in g ly  im p o r ta n t  w ith  n to  b le n d  two expo

n e n t i a l s  i n to  a  co m b in a tio n  w hich was n o t s u c c e s s f u l ly  re s o lv e d . 

O therw ise we m ust assume sh o rtco m in g s i n  th e  th e o ry  o f  th e s e  s t a t e s .

R e s u lts  o f  n %  L ife t im e  M easurem ents (n=2-9)

(See F ig . 1 5 .)

A t o t a l  o f  21 d a ta  ru n s  w ere accum ula ted  on th e  2^P s t a t e  a t  

v a rio u s  p r e s s u r e s  and e x c i t a t i o n  v o lta g e s  u s in g  th e  s p e c i a l  in f r a r e d



c - c a s c a d e

P - P R E V I O U S  WO RK

n

H H  P

- N B S  T R A N S I T I O N  P R O B A B I L I T I E S  

■^- THI S  E X P E R I M E N T

10050 5 0 0 1000
X  C N A N O S E C O N D S )

Figure 1$, Lifetime ve« P rincipal Quantum Number fo r  Helium n^P.



62

d e te c t io n  equipm ent p re v io u s ly  d e s c r ib e d .  In  a d d i t io n  to  v a ry in g  

p r e s s u r e  and  e x c i t a t i o n  v o l ta g e s  two d i f f e r e n t  e x c i t a t i o n  m ethods 

w ere u sed . The f i r s t  method em ployed two e x c i t a t i o n  p u l s e s ,  th e  f i r s t  

o f  w hich io n iz e d  th e  gas so  as to  a llo w  th e  second  p u ls e  to  p e n e t r a te  

more q u ic k ly .  The seco n d  p u ls e  was r e q u i r e d  to  r e a l i z e  a  sh a rp  c u t

o f f .  The f i r s t  p u ls e  was o f  5 m ic ro seco n d s  d u r a t io n ,  w hereas th e  

second  p u l s e ,  w hich s t a r t e d  im m ed ia te ly  a f t e r  th e  f i r s t  p u ls e  s to p p e d , 

was 0 .5  m ic ro seco n d s lo n g . The v o l ta g e s  o f  th e  two p u ls e s  w ere s e t  

in d e p e n d e n tly  so  as to  g iv e  a s u i t a b ly  in te n s e  s ig n a l  a t  th e  PMT.

The second  m ethod , w hich was found  to  y i e l d  com parable r e s u l t s ,  

u sed  on ly  a  s in g l e  0 .5  m ic ro second  p u ls e .  The r e p e t i t i o n  r a t e  o f  th e  

e x c i t a t i o n  p u ls e s  was 1 1 0 0  pps f o r  th e  tw o -p u lse  m ethod and a p p ro x i

m ate ly  1 2 , 0 0 0  pps f o r  th e  s in g l e  p u ls e  m ethod.

T here was no w e l l - d e f in e d  t r e n d  o b se rv e d  in  th e  l i f e t i m e  w ith  

p r e s s u r e ,  w ith  e x c i t a t i o n  m ethod o r  w i th  e x c i t a t i o n  v o l ta g e .  The 

s im p le  av e rag e  v a lu e  o f  l i f e t i m e  i s  130 ns w ith  a  s ta n d a rd  d e v ia t io n  

o f  7 n s .  S in c e  we e x p e c t t h a t  t h e r e  a r e  no d a tp in g  m echanics f o r  

t h i s  s t a t e ,  w h ile  th e r e  may b e  weak e n h a n c in g  m echanics such  as r a 

d i a t io n  b lo c k a d in g , i t  can be a rg u e d  t h a t  th e  lo w er v a lu e s  sh o u ld  be 

fa v o re d  and t h a t  a  b e t t e r  v a lu e  w ould b e  125 n s .  F u r th e r  argum ents 

f o r  t h i s  v a lu e  a r e  t h a t  in c lu s io n  o f  d a ta  b e fo re  th e  i n f l e c t i o n  p o in t  

( s e e  below ) i n  th e  a n a ly s i s  o r  d e la y  o f  th e  e x c i t a t i o n  s h u t - o f f  o r  

b o th  co u ld  on ly  have  th e  e f f e c t  o f  e x te n d in g  th e  l i f e t i m e .  T h is  r e 

s u l t  i s  somewhat h ig h e r  th an  th e  t h e o r e t i c a l  v a lu e  o f  98 ns computed 

from  th e  t r a n s i t i o n  p r o b a b i l i t y ,^  b u t  we s e e  no sy s te m a tic , cause  o f 

th e  d is c re p a n c y , and fa v o r  o u r  o b se rv e d  v a lu e ,  e s p e c i a l l y  s in c e  b o th
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TABLE 5 . HELIUM 2^P-2^S LIFETIME VARIATION WITH OPERATING CONDITIONS

Case
No.

Case
I d e n t i f i c a t i o n (n s)

F i r s t
P u ise

V o ltage
(V o lts )

Second
P u is e

V o ltag e
(V o lts )

P re s s u re
(T o rr)

1 6 / 2 0 / # 2 1 2 0 41 28 .150

2 2 /2 7 /# l (b ) 1 2 2 36 24 .330

3 2 /2 7 /# l ( a ) 123 36 24 .330

4 2 /2 8 /# 2 123 40 2 2 .0 4 3

5 6 /2 0 /# 4 123 33 26 .625

6 9 /1 3 /# 5 124 — 1 1 0 .500

7 2 /2 5 /# 3 124 50 2 2 .074

8 1 / 6  / # 1 125 — 1 0 0 .092

9 9 /1 3 /# 6 126 — 95 .060

1 0 9 /1 3 /# l 130 --- 90 .115

1 1 9 / l l / # 4 132 --- 135 .115

1 2 6 / 2 0 / # l 132 44 26 .150

13 2 /2 5 /#1 133 53 30 . 1 0 0

14 9 /1 3 /# 4 133 --- 1 2 0 .115

15 2 /2 7 /# 3 (b ) 134 46 30 .0 3 3

16 2 /2 5 /# 2 135 51 30 . 1 0 0

17 2 /2 7 /# 3 (a ) 136 46 30 .0 3 3

18 l /1 3 /# 3 136 — 150 .115

19 l / l l / # 2 138 — 90 .115

2 0 2 /2 5 /# 4 142 38 26 .074

2 1 6 720/#3 145 40 30 .025
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th e o ry  and o u r  ex p e rim en t a g re e  t h a t  th e  v a lu e s  o f  3^P and 2 ^P w i l l  

be th e  same.

A se m i- lo g  p l o t  o f  th e  d a ta  from  a  t y p i c a l  ca se  i s  shown i n  F ig .

16 and s e rv e s  to  i l l u s t r a t e  th e  s c a t t e r  i n  th e  d a ta .  In  o r d e r  to  

e l im in a te  t r a n s i e n t  e f f e c t s  caused  by casc a d e s  from  n^S and n^D l e v e l s ,  

each  o f  w hich h a s  a  s h o r t e r  l i f e t i m e ,  i t  i s  n e c e s s a ry  to  a n a ly z e  on ly  

th e  d a ta  accu m u la ted  in  th e  channels  beyond th e  i n f l e c t i o n  p o in t  o f 

th e  c u rv e . The d a ta  o b ta in e d  in  a 256 c h a n n e l a n a ly z e r  was c u rv e -  

f i t t e d  by a d i g i t a l  com puter u s in g  c o n v e n tio n a l n o n - l i n e a r  l e a s t  

s q u a re  te c h n iq u e s .  The second  curve  shown i n  F ig . 16 i s  a p l o t  o f  

th e  d a ta  minus th e  l e a s t  sq u a re s  f i t  to  a s in g l e  e x p o n e n tia l  decay 

and a c o n s ta n t  backg round  l e v e l .  A lthough p re s e n c e  o f  a seco n d  ex

p o n e n t ia l  i n  th e  decay co u ld  s h o r te n  th e  decay c o n s ta n t  o f  th e  f i r s t  

e x p o n e n t ia l ,  o u r  program  p e rm its  us to  use  an a r b i t r a r y  number o f  

e x p o n e n t ia l s ,  and  b e s t  f i t  was alw ays o b ta in e d  w ith  th e  ch o ic e  shown. 

F o r th e  c a se  i n  F ig . 16 th e  v a lu e  o f  th e  backg round  was 1000 co u n ts

p e r  channel and r e s u l t e d  p r im a r i ly  from  l i g h t  from  th e  h o t  ca th o d e .

28
The l i f e t i m e  o f  3^P was r e p o r te d  by Johnson  and Fow ler as 

122±5 n s .  O th e r v a lu e s  in c lu d e  th e  NBS^ d e r iv e d  r e s u l t  o f  96.6±1

n s  and th e  m easu red  v a lu e s  115±5 ns o f  O sherov ich  and V e ro la in e n ,

39 37100±8 ns by O sh e ro v ich  and S a v ich , 115±5 ns by H eron e t  a l ,

38 27106±5 ns by B e n n e tt  and D alby , 105 ns by B e n n e tt  e t  a l , 91±8 ns

33 35by Fow ler e t  a l , and 108±15 ns by C hin-B ing  and Head.

F or 4^P l i f e t i m e s  w ere m easured a t  two d i f f e r e n t  p r e s s u r e s  which

e x t r a p o la te d  t o  125±20 n s .  The h ig h e r  p r e s s u r e  m easurem ent a t  200 y-Hg

e x h ib i te d  two com ponents w ith  th e  slow  component a p p e a r in g  much w eaker
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th a n  th e  f a s t  com ponent. I t  i s  c o n c e iv a b le  t h a t  t h i s  r e s u l t e d  from

a cascade  from 6 ^S w hich w ould be h ig h ly  p o p u la te d  by t r a n s f e r  a t

t h i s  p r e s s u r e .  O th er v a lu e s  f o r  t h i s  l i f e t i m e  a re  th e  c a lc u la te d ^

37138±14 ns and th e  m easured  v a lu e s  o f  153±2 ns by Heron e t  a l  and

27145 ns by B e n n e tt e t  a l . I t  i s  f e l t  t h a t  th e  r e s u l t  r e p o r te d  h e re  

i s  q u i t e  a c c u r a te  and can be d e f in e d  more p r e c i s e ly  by a d d i t io n a l  

m easurem ents a t  o th e r  p r e s s u r e s  below  200 p-Hg.

The a n a ly s i s  o f  fo u r  m easurem ents made a t  th e  5^P l e v e l  in d ic a te  

a l i f e t i m e  o f  200±100 n s .  The d a ta  appeared  w id e ly  s c a t t e r e d  appa

r e n t ly  due to  a  l i m i t a t i o n  o f  e x t r a c t in g  a l l  component e x p o n e n tia ls
4

o r  some n o n -s y s te m a t ic  p ro c e s s  o c c u r r in g  i n  th e  g a s . The c a lc u la te d

27v a lu e  i s  225±23 n s  and B e n n e tt e t  a l  m easured 166 n s .

F o r 6 ^P fo u r  m easurem ents o f  l i f e t i m e  w ith  p r e s s u r e  in d ic a te s  a 

z e ro  p r e s s u r e  v a lu e  o f  360±20 n s  when th e  lo n g e r  component o f  th e  two 

e x t r a c t e d  e x p o n e n tia ls  i s  u sed . The s h o r t e r  component shows more 

s c a t t e r  and e x t r a p o la t e s  to  a  z e ro  p r e s s u r e  v a lu e  o f  abou t 80 n s .

The c a lc u la te d ^  l i f e t i m e  i s  350±35 n s .  We co nc lude  t h a t  we a re  s e e 

in g  d i r e c t  t r a n s f e r  from  th e  6 ^P.

For 7^P f iv e  m easurem ents o f  l i f e t i m e  betw een  73 y-Hg and 250 

p-Hg each  e x h ib i t i n g  two e x p o n e n tia l  components i n d i c a t e  a l i f e t i m e

o f  83±4 n s  f o r  th e  f a s t  component w hich e jd i ib i t s  no c o n s i s t e n t  p r e s -
4

s u re  t r e n d  and 550±150 n s  f o r  th e  slow  component. The c a lc u la te d  

l i f e t i m e  i s  526±53 n s .  The f i t t e d  c o e f f i c i e n t  o f th e  s lo w e r  exponen

t i a l  i s  ab o u t a  f o u r th  t h a t  o f  th e  f a s t e r  component a t  h ig h  p r e s s u r e  

b u t  becomes w i th in  a  f a c t o r  o f  1 .5  a t  low er p r e s s u r e s .  The a n a ly s is  

was h ig h ly  u n c e r t a in  due to  th e  l a r g e  in f lu e n c e  caused  by a d ju s tm e n t
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o f  th e  c o n s ta n t  te rm  o f  th e  d a ta  f i t  e q u a t io n . I t  i s  n e c e s s a ry  to  

o b ta in  more d a ta  w i th  much h ig h e r  a c cu m u la tio n  (~ 2 0 , 0 0 0  coun ts  in  th e  

f i r s t  c h a n n e l)  and a  lo n g e r  tim e s c a le  (800 ns r a t h e r  th an  400 n s) to  

more c o m p le te ly  d e te rm in e  th e  t a i l .  The d a ta  e x h ib i te d  a  weak sug

g e s t io n  o f  b e in g  t h r e e  e x p o n e n tia l  r a t h e r  th an  tw o , how ever, the  s t a 

t i s t i c s  o f  th e  d a ta  w ere n o t  s u f f i c i e n t l y  good to  a llo w  e x t r a c t io n  of 

a n o th e r  com ponent.

Three o b s e rv a t io n s  o f  l i f e t i m e  f o r  B^P i n d i c a t e d  a l i f e t i m e  o f  

45±10 f o r  th e  f a s t  com ponent and 400+100 ns f o r  th e  slow  component. 

These v a lu e s  compare to  th e  c a lc u la te d ^  v a lu e  o f  714±72 n s .  In  a l l  

th r e e  c a se s  th e  c o e f f i c i e n t  o f  th e  s lo w e r  e x p o n e n t ia l  was a p p ro x i

m ate ly  e q u a l  to  t h a t  o f  th e  f a s t e r  one . Each o b s e r v a t io n  app eared  

to  f i t  two e x p o n e n t ia ls  q u i t e  w e l l  and c o n ta in e d  no c o n s ta n t  te rra .

Two o b s e rv a t io n s  f o r  9^P s u g g e s t  v a lu e s  a t  z e ro  p r e s s u r e  o f 110 

n s  f o r  th e  f a s t  com ponent and 560 ns f o r  th e  slow  com ponent. No 

u n c e r t a i n t i e s  w ere  d e te rm in e d  b ecau se  o f  th e  s m a ll  sam p lin g  used  f o r  

th e  d e te r m in a t io n . The r e s u l t  o b ta in e d  from  NBS^ t r a n s i t i o n  p roba

b i l i t i e s  i s  1 1 0 0 + 1 1 0  n s .

A n a ly s is  o f  n^D L ife t im e s  ( n = 3 - l l )

(See F ig . 1 7 .)

The r e s u l t  o f  s i x  m easurem ents o f  l i f e t i m e  f o r  3^D y i e l d  a v a lu e

o f  1 9 .4 + 0 .5  n s .  The d a ta  p o in ts  w ere a l l  d o u b le  e x p o n e n t ia l .  The

f a s t  and slow  com ponents a re  shown as a  f u n c t io n  o f  p r e s s u r e  in  F ig s .

1 8 (a )  and (b ) r e s p e c t i v e ly .  The slow  component i n d i c a t e s  a v a lu e  o f
4

360±40 w hich com pares q u i t e  w e l l  w ith  th e  t h e o r e t i c a l  v a lu e  o f  339+34 

n s  f o r  7F. O th e r  v a lu e s  r e p o r te d  f o r  3^D a re  1 3 .9 ± 0 .2  ns from NBS^
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t a b l e s ,  13+2 ns m easured  by O sherov ich  and V e ro la in e n , 15±2 ns

29m easured by P e n d le to n  and H ughes, 14+3 ns m easured  by Kindleraann and

31 37 27B e n n e tt , 10±5 ns m easured  by Heron e t  a l , 17 n s  by B e n n e tt e t  a l ,

30 3314+1 ns m easured by A lle n  e t  a l , 25±5 ns m easured  by Fow ler e t  a l ,

35and 1 3 .4 ± 0 .6  m easured by Chln-B ing and H ead. A r e c e n t  m easurem ent 

by B u c h h a u p t u s i n g  th e  H anle te c h n iq u e  y i e ld s  a v a lu e  o f  22 n s .  

Buchhaupt a ls o  r e p o r ts  a  d e p o la r iz a t io n  c r o s s - s e c t io n  o f  7x10“ ^^cm  ̂

w hich compares to  a q uench ing  c ro ss  s e c t io n  o b se rv e d  h e re  o f  1 .3x10"!^  

cm?.

The l i f e t i m e  o f  th e  4^D le v e l  i s  e s t im a te d  to  be a b o u t 28±10 ns 

on th e  b a s i s  o f  th r e e  m easurem ents made a t  d i f f e r e n t  p r e s s u r e s .  By 

com parison , th e  t r a n s i t i o n  p r o b a b i l i t i e s  o f  W iesse^ y i e l d  a  l i f e t i m e  

o f  32 n s .

For 5^D and o n ly  one m easurem ent each  was made. Both appeared

as s in g l e  e x p o n e n tia ls  and w ere m easured  a t  140 p-Hg p r e s s u r e .  The

c o n s ta n t  te rm  assum ed to  be background  n o is e  was l e s s  th a n  1 / 2 0  o f

th e  c o e f f i c i e n t  o f  th e  e x p o n e n tia l .  The m easured  l i f e t i m e s  w ere 132±1
4

ns and 156+1 n s  r e s p e c t iv e ly .  For com parison th e  c a lc u la te d  v a lu e s  

a re  6 0 .2 + 0 .6  n s  and 107±11 n s  r e s p e c t iv e ly .  O th e r  v a lu e s  r e p o r te d  

a r e  35±3 n s  by O sherov ich  and V e r o l a i n e n , 53 ns by B e n n e tt  e t  a l , ^^  

and 50±2 n s  by C hin-B ing and Head f o r  5^D.

E leven  m easurem ents o f  l i f e t i m e  a t  v a r io u s  p r e s s u r e s  f o r  7^D in 

d ic a te  a  f r e e  atom  l i f e t i m e  o f 160+60 n s .  A lthough  a l l  l i f e t im e s  ap

p e a re d  to  be s in g l e  e x p o n e n tia ls  and e x h ib i te d  good s t a t i s t i c s ,  th e  

r e s u l t a n t  p r e s s u r e  cu rv e  was w id e ly  s c a t t e r e d  as shown i n  F ig . 1 8 (c ) .  

The c a lc u la te d ^  l i f e t i m e  a t  t h i s  s t a t e  i s  145+15 n s .
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E ig h t m easurem ents o f  l i f e t i m e  v s . p r e s s u r e  f o r  in d ic a te s  a 

f r e e  atom l i f e t i m e  f o r  t h i s  s t a t e  o f  200+50. T h is r e s u l t s  from  assum

in g  th e  d a ta  to  be s in g l e  component o n ly . I t  ap p eared  t h a t  th e  d a ta  

f i t  to  a s in g l e  e x p o n e n tia l  w i th in  th e  s t a t i s t i c a l  l i m i t s  a lth o u g h  

one cou ld  f o rc e  a  f i t  o f  th e  d a ta  to  two e x p o n e n t ia l s .  The two ex

p o n e n tia l  f i t  r e s u l t e d  i n  more w id e ly  s c a t t e r e d  d a ta  p o i n t s .  F o r com-
4

p a r is o n  th e  v a lu e  o b ta in a b le  from  NBS ta b le s  i s  207±21 n s .

For 9^D t h i r t e e n  d a ta  p o in ts  were b a d ly  s c a t t e r e d .  M ost o f  th e  

p o in ts  w ere f i t  t o  s in g l e  e x p o n e n tia ls  and in d ic a te d  a  good f i t  w ith 

i n  s c a t t e r  o f  th e  i n t e n s i t y  d a ta  o b ta in e d . Where two e x p o n e n tia l  

f i t s  w ere o b ta in e d ,  l a r g e  u n c e r t a in t i e s  and b ad  s c a t t e r  in d ic a te d  

q u e s tio n a b le  r e s u l t s .  S in ce  no d e f i n i t i v e  p r e s s u r e  t r e n d  was appa

r e n t  a s im p le  a v e ra g e  o f  s in g l e  e x p o n e n tia l  r e s u l t s  r a n g in g  from  40 

to  220 y-Hg was made y i e l d in g  a  l i f e t im e  o f  300±100 n s .  The l i f e t im e  

o b ta in e d  from  NBS^ t a b l e s  i s  300±30 n s .

For 1 0 t wo o f  th e  th r e e  d a ta  s e t s  w ere a n a ly z e d  as double  ex 

p o n e n tia ls  and th e  t h i r d  a t  h ig h e r  p r e s s u re  was a n a ly z e d  as a  s in g le  

e x p o n e n tia l .  U sing  th e  seco n d  e x p o n e n tia ls  o f  th e  two component ex

p o n e n tia ls  a  v a lu e  o f  340±60 n s  i s  o b ta in e d . C o e f f ic ie n t  o f  th e  second  

e x p o n e n tia ls  i n d ic a te d  they  c a r r i e d  th e  b u lk  o f  cue p o p u la t io n .  The 

v a lu e  p r e d ic te d  from  NBS ta b le s  i s  380±40 n s .

Two m easurem ents w ere made f o r  ll^ D  a t  190 and 300 y-Hg. Both 

e x h ib i te d  two e x p o n e n tia l  c h a r a c t e r i s t i c s .  The f a s t  com ponents w ere 63±2 

and 109±3 n s  r e s p e c t iv e ly  w hereas th e  slow  com ponents w ere  494±18
4

and 722±100 n s  r e s p e c t i v e ly .  For com parison th e  NBS t a b l e  in d ic a te s  

a v a lu e  o f  490+50 n s .



72

Summary o f  H elium  M easurem ents 

The l i f e t i m e s  d e te rm in e d  to  be most p ro b a b le  f o r  each  s t a t e  mea

s u re d  in  t h i s  e f f o r t  a r e  sum m arized i n  T ab le  6  a lo n g  w ith  th e  number 

o f  d a ta  sam ples (n o rm a lly  a t  d i f f e r e n t  p r e s s u r e s  i n  th e  ran g e  1 0 - 2 0 0  

y-Hg) o b ta in e d  and th e  c a lc u la te d  "quench ing" c ro s s  s e c t i o n s .

The r e s u l t s  g iv en  i n  T able 6  show p o o r p r e c i s io n  w hich i s  m ost 

p ro b a b ly  due to  a  tho rough  b a la n c in g  o f  e x c i te d  s t a t e s ,  e s p e c i a l l y  

above n=5, th ro u g h  c o l l i s i o n a l  t r a n s f e r s  from  e x c i t e d  s t a t e  a tom -neu

t r a l  atom  c o l l i s i o n s .

E v idence  o f  c o l l i s i o n a l  t r a n s f e r  was o b se rv e d  by Lees and S k in n e r  

and p o s tu la te d  to  o c c u r  i n  th e  r e a c t io n

He(nlp) + He(llS) ^ He(llS) + He(n3D) .

However t h i s  r e a c t io n  v i o la te s  th e  W igner s p in - c o n s e r v a t io n  r u l e  w hich 

i s  e x p e c te d  to  h o ld  a t  low quantum  numbers w here L-S c o u p lin g  i s  

s t r o n g .  A d d i t io n a l  e x p e r i m e n t a l ^ ^ e v i d e n c e  in d ic a te d  t h a t  th e  p ro 

ce ss  o c c u rre d  much to o  s lo w ly  f o r  th e  p r e d ic te d  l i f e t i m e s  o f  th e  i n 

vo lv ed  s t a t e s ,  ca sc a d e  p ro c e s s e s  w ere p r e d ic ta b ly  im p o r ta n t  and th e  

r e q u i r e d  c r o s s - s e c t io n  f o r  such  a  p ro c e ss  to  be  com patab le  w ould  be

much to o  l a r g e  f o r  su ch  a r e a c t io n .  In  o rd e r  to  r e s o lv e  th e  d i f f i -

44c u l ty  S t .  John and Fow ler p ro p o se d  th e  p ro c e s s

H e(n lp ) + HeCl^S) 4- He(nF) + HeCl^S)

w hich th en  decayed  w ith  a l a r g e  p r o b a b i l i t y  to  H e(3^D ). T h e o r e t ic a l

45s u p p o r t  to  t h i s  model was d e l iv e r e d  by L in  and Fow ler w hen, c o n s i

d e r in g  th e  n^F and n^F s t a t e s  t o t a l l y  m ixed, they  in v e s t i g a t e d  th e  

e l e c t r o s t a t i c  d ip o le  i n t e r a c t i o n  o f  a  He(n^P) and H e(l^S ) c o l l i s i o n .



TABLE 6 . SUMMARY OF MOST PROBABLE LIFETIÎ4ES DETERMINED FROM THESE MEASUREMENTS

U pper
L e v e l

No. o f  
Sam ples

M easured
L ife t im e

(n s)

Q uenching
X - s e c t io n
(10-14cm 2)

U pper
L e v e l

No. o f  
Sam ples

M easured
L ife t im e

(n s)

Q uenching
X - s e c t io n
(10~

3^S 6 56±2 0 .7 1 2 3? 21 125±10

5 IS 5 110±3 2 .5 4 3 ? 2 125±20

*6 Is 7 210±4 1 .2 5 3 ? 4 200±100

* 7 1 3 1 356 (0 .7 ) *6 3? 4 360±20

* g is 4 520 * 7 3 ? 5 5501150

20 31 ±2 0 .9 2 *83? 3 4001100

5 I d 2 56+10 * 9  3p 2 5 6 0 (? )

ô^D 5 72 ±3 3 .8 33d 6 1 9 .4 1 0 .5 3 .2 5

7 ID 4 65±20 - 0 .6 3 43d 3 2 8 1 1 0

8 ^D 2 ? 5 3d 1 132+1

g^D 1 ? 6  3D 1 15611

3^3 1 1 57±1 0 .9 7 7 3D 1 1 145115 - 0 .6 3

5 3 3 2 140±20 83d 8 200150 1 .3

63s 5 75±20 1 . 0 9 3D 13 3001100 0 .6 7

7 3 3 4 1 1 0  3d 3 340160

*g3s 4 400±170 1 1  3d 2 ?

9 3 5 ?

w
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The r e s u l t s  o f  such  an a n a ly s i s  le a d s  to  a  c o l l i s i o n a l  t r a n s f e r  s e 

l e c t i o n  r u le  o f  AL = ± 2 ,0 . I n c lu s io n  o f  h ig h e r  o rd e re d  term s p e rm its  

s m a l le r  c o n tr ib u t io n s  a t  AL = ±1 and ±3 w hich a re  a s s o c ia te d  w ith  s h o r t 

e r  ran g e  i n te r a c t io n s  and c o n t r ib u te  on ly  w eakly  to  th e  c o l l i s i o n  

c r o s s - s e c t io n .  R ecent c a l c u l a t i o n s ^ ^ h a v e  been  made to  a s c e r t a in  

th e  d eg re e  o f  m ixing  f o r  s i n g l e t  and t r i p l e t  s t a t e s  o f  th e  same n ,£  

and p r e d i c t  v e ry  l i t t l e  m ix ing  e x c e p t f o r  £=3 w hich become s tr o n g ly  

m ixed. More r e c e n t  e x p e r i m e n t s ^ h a v e  s u p p o rte d  t h i s  c o l l i s i o n a l  

r e a c t io n  th ro u g h  th e  F s t a t e s .

A lthough th e  r e s u l t  o f  t h i s  work i s  somewhat in c o n c lu s iv e  b e 

cause  o f  an u n e x p lic a b le  s c a t t e r  o f  th e  d a ta  i t  does show a d e f i n i t e  

c o u p lin g  o f  th e  h ig h e r  n  s t a t e s  (n>6 ) w ith  a f a s t e r  s t a t e .  A b r i e f  

e x am in a tio n  o f  th e  d a ta  (se e  A ppendix C) i n d ic a te s  t h a t  f o r  a l l  n  a t  

n > 6  a  f a s t  component i s  o b se rv ed  w hich i s  on th e  o r d e r  o f  t h a t  ob

s e rv e d  a t  n ip .

The a n a ly s is  in  C hap te r I I  in d ic a te d  t h a t  in  o rd e r  f o r  a f a s t e r  

s t a t e  to  be  o b se rv ed  as a  norm al decay i t  m ust re a c h  th e  o b se rv e d  

s t a t e  th ro u g h  a c o l l i s i o n  p r o c e s s .  From th e s e  o b s e rv a t io n s  i t  i s  

a p p a re n t t h a t  th e  t r a n s f e r  p ro c e s s  a t  h ig h e r  l e v e l s  i s  w e ll  d i s t r i b u 

te d  to  a l l  £ . The m ost p ro b a b le  cau se  o f  o c c a s io n a l  in c o n s is te n c y  o f  

th e  d a ta  i s  th e  l im i t a t i o n s  on r e s o lu t io n  o f  e x p o n e n tia l  cu rves con

t a in in g  more th a n  "two com ponents, e s p e c ia l ly  when a t  l e a s t  two o f  th e  

component e x p o n e n tia ls  a re  w i th in  a  f a c to r  o f  2  o r  one component i s  

to o  weak to  s e p a r a te  b u t  s u f f i c i e n t  to  p e r tu r b  th e  o b s e rv a t io n s  o f  

th e  s t r o n g e r  s t a t e .

As a  check  to  a s c e r t a in  th e  im p o rtan ce  o f  th e  h ig h ly  io n iz e d
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c e n t r a l  re g io n  o f  th e  e x c i t a t i o n  chamber an a x i a l  f i e l d  o f  18 gauss 

was p a s se d  th ro u g h  i t  by means o f  a D.C. c u r r e n t  th ro u g h  a  c o n c e n tr ic  

c o i l .  T h is  caused  a v i s i b l e  b reak u p  o f  th e  c e n t r a l  b r i g h t  re g io n  by 

c a u s in g  th e  c e n te r  bound e le c t r o n s  to  r o t a t e  abou t th e  c e n te r ,  thus 

s p re a d in g  o u t th e  h e a v ily  e x c i t e d  and io n iz e d  c o re . R e s u lts  o f  t h i s  

m easurem ent a re  g iv en  in  A ppendix C, 3^D, c a se  i d e n t i f i c a t i o n  1 /7 /7 2 /4 ,  

and shows no s i g n i f i c a n t  d e v ia t io n  from  r e s u l t s  o f  m easurem ents w ith 

o u t th e  f i e l d .  I t  i s  f e l t  t h a t  t h i s  m easurem ent would e x h ib i t  a 

m arked change i f  e x c i te d  s t a t e  i n t e r a c t i o n s .  S ta rk  f i e l d s ,  o r  a l ig n 

ment e f f e c t s  had  been  p re s e n t  e a r l i e r .

The e x c e p tio n s  to  th e  r u l e  o f  a  s in g l e  decay component below 

n = 6  a re  3^D and 3^D w hich m ost l i k e l y  a re  h ig h ly  p o p u la te d  by F , G 

. . .  w hich  a l l  have a s tro n g  p r o b a b i l i t y  o f  decay in g  th ro u g h  th e s e  

l e v e l s .  A com plete  t a b u la t io n  o f  r e s u l t s  and s e le c te d  o p e ra t in g  con

d i t i o n s  a re  g iv en  in  A ppendix C.



CHAPTER VI

LIFETIME AND QUENCHING RATES FOR THE H^ CONTINUUM 

I n tr o d u c t io n

23U t i l i z i n g  th e  i n v e r t r o n  dev e lo p ed  by H o lz b e r le in  and th e  d e la y e d

2 8c o in c id e n c e  te c h n iq u e  d e s c r ib e d  by Johnson  and F ow ler th e  p re v io u s

52m easurem ents o f  H o lz b e r le in  on th e  continuum  in  H^ have been  r e 

v is e d . The p ro c e s s  o f  e m is s io n  o f  th e  continuum  i s  found to  be  more 

com plex th a n  p re v io u s ly  e n v is io n e d . There a re  e v id e n t ly  two s t a t e s  

i n  c lo s e  re so n a n c e , and th e  a p p a re n t l i f e t i m e  a t  p r e s s u r e s  above 1

t o r r  i s  n o t  th e  t r u e  l i f e t i m e  o f  th e  s t a t e .  R e s u l ts  o f  th e  new
g

e x p e r im e n ta l  d a ta  y i e l d  a  low p r e s s u r e  exchange c ro s s  s e c t io n  o f 

2 . 0 x l 0 "^^cm^ betw een th e  s t a t e s  and a  h ig h  p r e s s u r e  q u ench ing  c ro ss  

s e c t io n  o f  4 .8xlO “ l^cm^ f o r  b o th  s t a t e s .  A p p l ic a t io n  o f  a  m agnetic  

f i e l d  a p p l ie d  a x ia l ly  to  th e  in v e r t r o n  y ie ld e d  no change o f  l i f e t im e  

fo r  f i e l d s  up to  abou t 18 gauss ( c a lc u la te d )  w hich  was s u f f i c i e n t  

to  d i s p e r s e  th e  h ig h ly  v i s i b l e  a x ia l  c o n c e n t ra t io n  o f  e x c i t e d  mole

c u le s .  L in e a r  a sy m p to tic  e x t r a p o la t io n  o f  th e  h ig h  p r e s s u r e  d a ta  to  

ze ro  p r e s s u r e  y ie ld s  a  l i f e t i m e  o f  2 .6 ± 0 .3  ns f o r  th e  s id e  s t a t e  

w hereas l i n e a r  e x t r a p o la t io n  o f  th e  low p r e s s u re  l i f e t i m e s  in d ic a te s

a  t r u e  l i f e t i m e  f o r  th e  v ’=O^E'^ s t a t e  o f  26+2 ns a t  z e ro  p r e s s u r e .
g

The new d a ta  w ere o b ta in e d  by o b s e rv in g  e m itte d  l i g h t  a t  2750 & and

76
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2950 & w hich sh o u ld  be  due to  t r a n s i t i o n s  o c c u r r in g  betw een  th e  s t a b l e

lso 2 s o  and th e  u n s ta b le  lso 2 p o  ^E v i b r a t i o n a l  l e v e l s .  The r e s u l t s  
g u

w ere c o r r e c te d  f o r  a s m a ll p r e s s u r e  dependen t ca sc a d e  com ponent.

E x p e r im e n ta l O b se rv a tio n s  

The new o b s e rv a t io n s  o f  l i f e t i m e s  x i n  m o le c u la r  hyd rogen  w ere 

o b ta in e d  a t  p r e s s u r e s  .034  to  .800  t o r r  u s in g  a % -m eter J a r r e l l  Ash 

m onochrom ator and w ere combined w ith  h ig h e r  p r e s s u r e  d a ta  o b ta in e d
3

e a r l i e r  by H o lz b e r le in  to  form  th e  p lo t  o f  1 /x  v e rs u s  p r e s s u r e  

shown in  F ig .  19 . The s ig n i f ic a n c e  o f  th e  1 /x  p l o t  i s  t h a t  i t  r e 

v e a ls  th e  dom inant p ro c e s s e s  o f  a  s im p le  e x p o n e n tia l  s t a t e  decay 

l i n e a r l y  a c c o rd in g  to  th e  r e l a t i o n

— = A + oN V = —— h (32)
X o X kTo

w here = p o p u la t io n  d e n s i ty  o f  n e u t r a l  m o le c u le s ,

a E q u ench ing  c ro s s  s e c t i o n ,

A = t r a n s i t i o n  p r o b a b i l i t y  o u t o f  th e  e x c i t e d  s t a t e ,

V = mean m o le c u la r  sp e ed .

The l i f e t i m e s  a t  low p r e s s u r e  a t  th e  two w a v e len g th s  m easured  

2750 R and 2950 R w ere found to  be  i n  th e  p ro p o r t io n  X~^,  show ing as 

i s  e x p e c te d  t h a t  th e  con tinuum , i n  d i f f e r e n t  s p e c t r a l  l o c a l i t i e s ,  

o r ig in a te s  from  d i f f e r e n t  upper v i b r a t i o n a l  s t a t e s .  At 2950 R  th e  

t r a n s i t i o n  i s  p red o m in an tly  from  v ' = 0  o f  th e  ^E^ s t a t e ,  w h ile  a t  

2750 R i t  comes p re d o m in an tly  from  v ’= l .  At h ig h  p r e s s u r e s  th e r e  was 

no such  d i s t i n c t i o n  be tw een  w a v e le n g th s . D ata  a t  th e  lo w e s t p r e s s u r e s  

have t h e r e f o r e  been  re d u c e d , by a p p l i c a t i o n  o f  th e  w a v e len g th  f a c t o r ,  

to  e q u iv a le n t  v ’ = 0  v a lu e s .
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The l i f e t i m e s  p l o t t e d  i n  F ig . 19 c o rre sp o n d  to  th e  s h o r t e s t  

decay o b se rv e d . In  each  case  o u r  l e a s t  sq u a re s  com puter program  

e n a b le s  us to  r e s o lv e  any complex decays i n to  a  sum o f  e x p o n e n tia ls  

and to  i d e n t i f y  th e  two o r  th r e e  f a s t e s t  decays w ith  re a s o n a b le  

a c c u ra c y . In  th e  case  o f  th e  Hg continuum  on ly  a  v e ry  weak c a sc a d e  

component was p r e s e n t .  C onsequen tly  th e  b e h a v io r  o f  th e  1 / t p l o t  i s  

s t r i k i n g l y  anom alous, h a v in g  two l i n e a r  r e g io n s ,  th e  h ig h  p r e s s u r e  

d a ta  e x t r a p o la t in g  to  a f a s t e r  l i f e t i m e  a t  zero  p r e s s u r e  th a n  th e  low 

p r e s s u r e  d a ta ,  a  s i t u a t i o n  w hich c a n n o t be  e x p la in e d  by a c a sc a d e , 

even i f  t h e r e  w ere a p o s s i b i l i t y  t h a t  one had  been  o v e rlo o k e d .

T h e o r e t ic a l  D is c u ss io n  

The o b s e rv a t io n s  p l o t t e d  in  F ig . 19 a re  c h a r a c t e r i s t i c  o f  c lo s e  

coup led  sy s te m s . L et us c o n s id e r  th e  e x p e c te d  decay to  be  o b se rv e d  

from  two s t a t e s  a  and b w hich decay a t  r a t e s  and Ay from s t a t e s

h a v in g  th e  same energy  above th e  ground s t a t e  so  as to  a llow  a  c o l l i 

s io n a l  re s o n a n c e , i . e .

(T = - a  N + a, N, + P (33)a  a a b a  b a

i  = -a ,N , + a , N + P, (34)b b b ab a  b

w here P and P, a re  th e  s t a t e  p ro d u c tio n  r a t e s  i n  th e  a c t iv e  p e r io d ,  a  b

and

a = A + a v N  + o , vNa a  a  ab

Gy = Ay + o^vN + 0 ^b b a

a  , = a , vN ab ab

The b a s i c  s o lu t io n s  a re
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N = Ce N, = (35)a  b

w ith

(oL +a ) ± /a ^ - 2 a ,  a  + a ^ + 4 a  , a,, _ D a b a  a  ab oa \
X = ------------------------ 2---------------------------- (36)

and th e  g e n e ra l  s o lu t io n s  a f t e r  c u to f f ,  i . e . ,  = 0 , a r e :

and

a '+ r

w here

a ' = /a ^ -2 a , a +a^+4a , a, (39)b b a a  ab b a

and Xg a re  th e  p o s i t i v e l y  and n e g a t iv e ly  s ig n e d  r a d i c a l s  re s p e c 

t i v e l y .

Under th e  e x p e rim e n ta l c o n d it io n s  u s e d , th e  o n -p e r io d  w i l l  have 

r e s u l t e d  in  e x c i t in g  th e  s t a t e s  in v o lv e d  to  s a tu r a t i o n .  T h e re fo re  

th e  i n i t i a l  p o p u la tio n s  a t  c u to f f  w i l l  be

a, P +a, P,
N = ^ ^ (40)

*° "a*b-*ab*ba

and

N = . (41)
“ a V “ a b “ b a

T his le a d s  to  an e v a lu a t io n  o f  th e  c o n s ta n ts  Ĉ  and Cg as

a ' - a ,  a,

“ ao  -  "bo

a '+ a ,  a,

Cz -  " a o  +  i k r  "bo  • » »
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We a re  i n t e r e s t e d  on ly  i n  th e  f i n a l  form  o f  Eq. (37) s in c e  i t

r e p r e s e n t s  th e  s t a t e  o b se rv e d  i n  r a d i a t i o n  w hereas th e  s t a t e  r e p r e s e n te d

by Eq. (38) i s  p o s tu la te d  to  be  a  r a d i a t i o n  o f  a n o th e r  fre q u e n c y .

Eq. (37) becomes

1 (oL P +0L CL P ,+ a  a, P ,+ a  , a, P ) , ^ ^„  1 D a Da D b a b a  b ab b a  a ,  -A o t - A i t .

’

+ 1  - X i t  ^  ^ -X a t

2  <“ a V “ a b “ b a >
Now Ai>>A2 » and th e  sum o f  th e  c o e f f i c i e n t s  o f  th e  e x p o n e n tia l  in  

w hich i t  o ccu rs  i s  n e g a t iv e  a l s o ,  so  t h a t  i t  i s  an u n o b se rv ab ly  r a p id  

b u ild u p  a d ju s tm e n t o f  th e  s t a t e s  in v o lv e d . The s o l i d  l i n e  i n  F ig .  19 

i s  a  p l o t  o f  th e  decay c o n s ta n t  A2 o f  Eq. (44) w here  from Eq. (36)

(Aa+Ab)+(Oa‘̂ b '^ a b '^ b a ^ ^ " ’̂ l V V ^ ° a " ^ b '* ^ a b - ^ b a ^ ^ ^ l ' '+ ^ a b ° b a ^ ^ ' '

(45)
^ 2  -  , 2  

V alues chosen f o r  th e  p a ra m e te rs  to  o b ta in  th e  cu rve  a re

A = 39xl0^sec~^ , a  ’

Ay = 384xl0®sec~^ ,

0 = 0 . = 4 .8x10  ^®cn^ ,a  b

o^y = Z.OxlO"!**cm2 ^

Oy^ = 2 .4x10  cm2 ^

V =  3.8x10^ cm /sec (T = 1200°K) ,

N = 8.03x10^5 P ( t o r r )  .

I t  i s  n o t  p o s s ib le  to  d e te rm in e  from th e  decay c o n s ta n t  w h e th e r th e

a u x i l i a r y  s t a t e  i s  th e  I 0  lo  , th e  lo  2s , th e  la  2pïï^II , th e  l a  Zpir^II
g u u ’ g g  g u g I

53o r  a l l  o f  them p u t to g e th e r .  P resum ably  th e r e  i s  enough r o t a t i o n a l
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o v e r la p  f o r  a  c lo s e  re so n an ce  w ith  any o f  th e s e  l e v e l s .  C e r ta in ly  th e  

p o t e n t i a l  cu rv es  a l l  l i e  so  c lo s e  to g e th e r  on th e  sm a ll m o le c u la r  

s e p a r a t io n  s id e  t h a t  e a sy  t r a n s f e r  i s  to  b e  e x p e c te d . Because o f  th e  

s h o r t  l i f e t i m e  m easured f o r  t h i s  s id e  s t a t e ,  we w ould  be i n c l in e d  to  

i d e n t i f y  th e  l a  Zpn^n , w hich r a d ia te s  as an a llo w ed  t r a n s i t i o n  to
8  u

th e  ground s t a t e  as th e  one whose l i f e t i m e  was b e in g  obse rved  a t  h ig h  

p r e s s u r e .

We can say  w ith  c e r t a i n t y  th a t  th e r e  i s  a  s u b s t a n t i a l  amount o f  

e l e c t r o n  e x c i t a t i o n  d i r e c t l y  i n to  th e  s t a t e ,  b ecau se  th e  i n t e n s i t y  

a t  low p re s s u r e s  i s  l i n e a r l y  p r o p o r t io n a l  to  th e  p r e s s u r e ,  b u t  i t  i s  

n o t  p o s s ib le  f o r  us to  d e te rm in e  w h e th e r th e r e  i s  d i r e c t  e x c i t a t i o n  to  

th e  s id e  s t a t e .  We may ta k e  th e  f u r t h e r  h i n t  t h a t  th e  s id e  s t a t e  has  

a  l a r g e  "a llo w ed "  e x c i t a t i o n  c ro s s  s e c t io n  from  th e  f e e l in g  o f  R ich

a rd son^^  t h a t  th e  continuum  i s  enhanced a t  h ig h  p r e s s u r e ,  and s p e c u la te  

t h a t  th e  2 . 6  ns l i f e t i m e  i s  an u n re so lv e d  m ix tu re  o f  two c lo s e ly  s im i

l a r  l i f e t i m e s  fo r  th e  and ^11 s t a t e s .u  u

The quench ing  c ro s s  s e c t io n  o f  6 .0 x l0 “ ^®cm  ̂ o b ta in e d  by C enter^^  

from  d a ta  tak e n  a t  p r e s s u r e s  above one t o r r  com pares fa v o ra b ly  w ith  

th e  r e s u l t s  r e p o r te d  h e r e ,  b u t  we would n o t  d e b a te  th e  p o in t  i n  fa v o r
C

o f  o u r  v a lu e .  The l i n e a r  r e l a t i o n s h ip  o f  p / I  v s .  p o b se rv e d  by C enter"  

i s  a ls o  co m p atib le  w i th  th e  sy s tem  d e s c r ib e d  h e r e .  This can b e  shown 

by s e t t i n g  = 0 i n  E qs. (33) and ( 3 4 ) ,  s o lv in g  fo r  and

u s in g  o u r  p a ra m e te rs  p l o t t i n g  p/N^A^ v s .  p .

An a d d i t io n a l  m easurem ent by Im hoff and Read^^ o f  11 .0  ns f a i l s  

to  a g re e  w ith  e i t h e r  r e s u l t  r e p o r te d  h e r e ,  how ever no p r e s s u r e  depen

dence i s  in d ic a te d  in  t h e i r  r e p o r t .  Such in fo rm a tio n  m ight show
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re a s o n  f o r  th e  d is c re p a n c y . P ro b a b ly  th ey  bave  made an e x tr f -p o la t lo n  

from  some l im i te d  in te r m e d ia te  segm ent o f  th e  t r u e  c u rv e .



CHAPTER VII

CONCLUDING REMARKS

I t  i s  a p p a re n t from  th e  m easurem ents o f  l i f e t i m e s  o f  th e  h e liu m  

s t a t e s  r e p o r te d  h e re  t h a t  th e  p ro c e s s  o f  e x c i t a t i o n  t r a n s f e r  i s  n o t  

r e s t r i c t e d  to  th e  r e a c t io n

H e ( llS )  + H e(n lp ) H e ( llS )  + He(nF) 

b u t  in c lu d e s  t r a n s f e r s  to  n ^ ’ ^D, n ^P , and n ^ ’ ^S, when n i s  s u f f i c i e n t l y  

l a r g e .

The o b se rv ed  quench ing  e f f e c t s  a t  th e  3 l e v e l  a re  much g r e a te r  

th a n  t h a t  o b se rv e d  f o r  H om beck-M olnar^7 ,5 8  p ro c e s s e s  o f  m o le c u la r  

io n  a s s o c i a t i o n .  I t  i s  m ost p ro b a b le  t h a t  t h i s  p ro c e s s  i s  masked by 

th e  e f f e c t s  o f  b lo c k a d in g  o r  re s o n a n c e , t ra p p in g  o f  th e  4^P l e v e l  

w hich i s  c o n s id e re d  to  b e  th e  p rim ary  fe e d  to  th e s e  l e v e l s  v ia  r e s o 

nance  c o l l i s i o n a l  t r a n s f e r  fo llo w e d  by a decay . Such a mechanism 

w ould  ap p ear i n  th e  3 ^ ’ ^D decay as a  f a s t  e x p o n e n t i a l ,  w ould be  h ig h ly  

p r e s s u r e  s e n s i t i v e  and w ould f a l l  s u f f i c i e n t l y  c lo s e  in  l i f e t i m e  to  

cause  d i f f i c u l t y  i n  s e p a r a t in g  i t  from th e  D l e v e l  l i f e t i m e s .

C o n s id e ra b le  im provem ent upon th e  d a ta  may b e  o b ta in e d  by accu

m u la tin g  d a ta  u s in g  a  doub le  p u ls e  te c h n iq u e  w ith  th e  second  p u ls e  

tu rn e d  low so  as to  e x c i t e  th e  d e s i r e d  s t a t e  a t  i t s  th re s h o ld  th u s

84
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m in im izing  p o p u la t io n s  to  h ig h e r  s t a t e .  Such an approach  was u sed  

fo r  s e v e r a l  d a ta  p o in ts  in  t h i s  work b u t  o c c a s io n a l ly  th e  v o l ta g e  

was s e t  to o  h ig h  b ecau se  o f  im p a tie n c e  deve loped  a t  a c cu m u la tin g  d a ta  

a t  a low coun t r a t e .  In  a d d i t io n  i t  i s  n e c e s sa ry  to  o b ta in  d a ta  a t  

low er p r e s s u r e s ,  say  1 to  50 p-H g, w hich f o r  h ig h e r  l e v e l s  p o se s  a 

problem  o f  e x c i t a t i o n .  A p p a re n tly  th e  b u lk  o f  t h e i r  p o p u la t io n  a r i s e s  

from t r a n s f e r  w hich i s  v e ry  p r e s s u r e  dependent and e s s e n t i a l l y  d i s 

ap p ears  a t  low p r e s s u r e s .  D i r e c t  e le c t r o n  e x c i t a t i o n  m ust be  enhanced . 

T his can be  accom plished  by o p e ra t in g  a t  h ig h e r  te m p e ra tu re s , w hich 

d e c re a se s  ca thode  l i f e t i m e  and r a p id ly  c o a ts  window s u r f a c e s  w ith  

ca rb o n , o r  d ev e lo p in g  th e  t r i o d e  s t r u c tu r e  so  as to  o b ta in  e le c t r o n s  

from th e  ca th o d e  a t  h ig h  v o l ta g e  th en  re d u c in g  th e  e le c t r o n  energy  

f o r  s e l e c t i v e  e x c i t a t i o n .

The m easurem ents made on m o le c u la r  hydrogen  w ere c o n s i s t e n t  and 

f i t  th e  c lo s e  coup led  sy s tem  th e o ry  d eve loped  very  w e l l .

D uring  th e  c o u rse  o f  t h i s  ex p erim en t th e  fo llo w in g  im provem ents 

have b een  developed  o r  c o n c e iv e d . S p e c tra  s ig n a l  to  n o is e  h as  been  

enhanced  by o p e ra t in g  w ith  lo n g  p u ls e s  a t  h ig h  p u lse  r e p e t i t i o n  f r e 

quency. A d d it io n a l  im provem ent i s  o b ta in e d  by o p e ra t in g  th e  TPHC on 

th e  50 n s  s c a l e ,  u s in g  th e  ORTEC 271 PMT a m p l if ie r  o u tp u t  as a TPHC 

s t a r t  s i g n a l ,  d e la y in g  t h i s  same p u ls e  th ro u g h  2 0  n s ( o r  l e s s )  to  

th e  TPHC s to p  g a te  and u s in g  th e  e x c i t a t i o n  p u ls e  m o n ito r to  o p e ra te  

th e  TPHC c o in c id e n c e  g a te  u s in g  a licab le  d e lay  s e le c te d  to  m axim ize 

th e  coun t r a t e .  The norm al p ro c e d u re  f o r  s p e c t r a  a c q u i s i t i o n  th e n  

c a l l s  f o r  u s in g  th e  TPHC o u tp u t  to  p u ls e  th e  m u ltic h a n n e l a n a ly z e r  

o p e ra t in g  i n  th e  m u l t i s c a l in g  mode a t  i t s  s lo w e s t scan  r a t e  as th e
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m onochrom ator i s  sw ept th ro u g h  th e  sp ec tru m .

A m ethod o f  a c c u r a te ly  d e te rm in in g  e r r o r s  due to  doub le  pho ton  

e v e n ts  h as  b een  c o n s id e re d . T his te c h n iq u e  in v o lv e s  u s in g  a  second  

TPHC in  p a r a l l e l  to  th e  f i r s t  TPHC u s in g  a  lo g ic  c i r c u i t  b e tw een  them 

so  as to  ig n o re  th e  f i r s t  s to p  p u ls e  ( d e te c te d  pho ton) b u t  p a s s  on 

th e  second  s to p  p u ls e  to  th e  second  TPHC. The lo g ic  c i r c u i t  m ust be  

c le a re d  by th e  s t a r t  p u ls e  w hich i s  common to  b o th  TPHC's. The o u tp u t 

o f  th e  seco n d  TPHC can be m o n ito red  a t  a  r a te m e te r  to  d e te rm in e  th e  

v a l i d i t y  o f  assum ing no two pho ton  e v e n ts  o r  d e la y e d  and e n te r e d  in to  

th e  m u ltic h a n n e l a n a ly z e r .  I t  h a s  th e  o b v io u s  l i m i t a t i o n  o f  n o t  b e in g  

a b le  to  r e s o lv e  two pho tons i f  th e  second  one o c c u rs  w i th in  th e  s w itc h 

in g  tim e  o f  th e  l o g ic  c i r c u i t  u sed . In  p r i n c i p l e  one c o u ld  s t a c k  more 

TPHC's and lo g ic  c i r c u i t s  to  im prove s t a t i s t i c s ,  how ever, th e  a fo re 

m en tioned  l i m i t a t i o n  on r e s o lu t io n  w ould l i m i t  t h i s  p ro c e d u re . The 

l i m i t a t i o n  i s  compounded by th e  h ig h  p r o b a b i l i t y  o f  s e e in g  a second  

pho to n  e a r ly  i n  a  decay e x p o n e n tia l  r a t h e r  th a n  tow ards th e  t a i l  o f  

th e  e x p o n e n tia l .

A no ther te c h n iq u e  t h a t  o f f e r s  p o s s i b i l i t y  o f  im prov ing  d a ta  use

f u ln e s s  i s  one o f  a c cu m u la tin g  f i r s t  on a  r e l a t i v e l y  long  tim e s c a le  

('vlOOO n s )  so  as to  d e te rm in e  w e l l  th e  c o n s ta n t  l e v e l  and lo n g  expo

n e n t i a l  th e n  accum ula te  on a  s h o r t  tim e  s c a l e  ( '^ '2 0 0  n s)  and  u se  th e  

a n a ly z e d  r e s u l t s  o f  th e  lo n g  tim e  s c a le  to  e l im in a te  some o f  th e  

d eg rees  o f  freedom  f o r  i t s  a n a ly s i s .  C once ivab ly  one c o u ld  use  two 

TPHC'ië s a n d ’ two a n a ly z e rs  to  a c q u ire  b o th  s e t s  o f  d a ta  s im u l ta n e o u s ly .
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APPENDIX A

L I S T I N G  OF COMPUTER PROGRAMS AND SUBROUTINES

FPLOT 2 0 : 0 8  THU. FEB 0 5 ,  1 9 7 0

DIMENSION Y( 5 1 2 ) ,  AC 5 ) , Y P (  5 1 2 )
DI MEN SI ON CH ANC 1 0 )  ,  TIMC 1 0 )
REAL I N C R , L 1 , L 2  
DATA A / " X " ,

C DATA INPUT
CALL INP AKCN,NTC,  CHAN, TIM,  T I M E ,Y )
P R I N T 1 2 3 4 ,

1 2 3 4  FORMATC IH ,  "ENTER PLOT INCREMENT")
1 INPUT , K

I F  C K ) 2 ,  2 ,  3
2 P R I N T 9 9 9  

CALL EXIT
C HEADING

3 CONTINUE
C Y VALUES TO BE PLOTTED 

9 2 0 1  FORMATC IH ,  2 A 6 ,  3 X ,  " D A T E - " ,  A 2 ,  A 3 ,  A 4 ,  3X ,  "RUN 
C SEARCH FOR MAXIMUM AND MINIMUM VALUES 

B=YC 1)
S = 1 0 0 0 0 .
DO 2 0  I = 2 , N  
I F  C Y C I ) - B )  1 5 ,  1 5 ,  11 

11 B=YCI)
GO TO 2 0

15  I F  C Y C D - S )  1 6 , 2 0 , 2 0
1 6  I F C Y C I ) . E Q . 0 . 0 ) G 0  T 0 2 0  

S = Y C I )
2 0  CONTINUE 

C CALCULATION OF SCALING FACTOR AND RANGE
PRINT 9 1 0 ,  S , B  
INPU T,  S , B  
PRINT 2 0 1 ,  S , B  
B=ALOGCB)
S =ALOGCS)
SC=C B - S ) / 6 3 . 0  

C SET UP BORDER AND PRINT SCALE 
PRINT9 0 3
PRINT 9 0 2 ,  C AC 5 ) , 1  = 1 ,  6 5 )

C PLOTTING OF DATA 
DO 3 0  1 = 1 , N , K  
I 1 = 1 - 1  
NY=1
I F C Y C D - S . L E . O . O G O  TO 3 0  
NY=(AL0GCYC I ) ) - S ) / S C + 1  
DO 21  J = 1 , N Y

21 Y P C J ) = A C 4 )
91
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YP< N Y ) = A ( 2 )
3 0  P R I N T  2 9 3 , I 1 , ( Y P ( J ) , J = 1 , N Y )

: FINAL BORDER
P R IN T  9 0 2 ,  ( A (  5 ) , 1  = 1 ,  6 5 )
P R IN T  2 0 2 ,  SC 
GO TO 1 

9 0 2  FORMATC IH , 3 X ,  6 5 A 1 )
2 0 1  FORMATC 1 H 1 , F 8 . 0 ,  5 2 X ,  F 8 . 0 )
2 0 2  FORMATC 1 H 0 , " S C A L E = " , F 8 . 5 ,  "LNC C O U N T S ) /P R I N T  CHANNEL") 
29  3  F 0 R M A T C I 4 , " * " , 6 4 A 1 )
9 0 3  FORMATC IH ,  3X,  6 3 X ,  " ♦ " )
9 1 0  FORMATC "ENTER SCALE L I M I T S ,  DEFAULT VALUES ARE 
9 9 9  FORMATC IHO, "END OF JOB")

END

INPAK 2 0 : 0 8  THU. FEB 0 5 ,  1 9 7 0

SUBROUTI NE INPAKC N 1 ,  NTC, CHAN, TI M, TI ME, Y)
DIMENSION CHANC 1 0 ) , T I M C  1 0 ) , Y C 2 5 6 )

1 ,  DATEC 3 )
INTEGER CHAN 
REAL L 1 , L 2
CALL DATIMEC TI MED, TI MEB, DATE)
CALL OPENFC 1 ,  " I N P U T " )
READC 1 , 9 1 0 1 ) L 1 , L 2 ,  D A ,X M O ,Y R ,R N ,  S A ,  VL, P 
READC 1 ,  9  1 0 2 )  N 1 ,  NTC,  C CHANC I ) , 1 = 1 ,  NTC)
READC 1 ,  9  1 0 3 )  C TI MC I ) ,  I = 1 ,  NTC)

9 1 0 1  FORMATC 2 A 6 ,  A 2 ,  A 3 ,  A 4 ,  I 2 ,  A 6 ,  F 5 . 0 ,  F 5 .  1)
9 1 0 2  FORMATC I 3 ,  I 1 , 8 1 3 )
9 1 0 3  FORMATC 8 F 7 .  2 )

N=N1
READC 1 ,  7 0 0 0 )  TIME, C Y C I ) , I  = 1 , N )

4 0 0 0  FORMATC 1 5 F 4 . 0 )
5 0 0 0  FORMATC 1 4 F 5 . 0 )
6 0 0 0  F O R M A T C 1 0 F 7 .0 )
7 0 0 0  FORMATC I 6 ,  9 1 7 )

CALL CLOSEFC 1 ,  " I N P U T " )
PR IN T9 2 0 1 , L I , L 2 , D A ,  XMO, Y R ,  RN 
PR INT9 2 0 2 ,  SA,  VL, P ,  TIMED, DATE 

9  2 0 1  FORMATC I H O , / / / / / ,  2 A 6 ,  3X ,  " D A T E - " ,  A 2 ,  A 3 ,  A 4 ,  3 X ,  "RUN 
9 2 0 2  FORMATC IH ,  " S A M P L E -" ,  A 6 ,  3 X ,  "WAVELENGTH=", F 5 .  0 ,  " A",  

13 X ,  "P R E S S U R E = " ,  F 5 .  1 , "  M I C R O N S " / / "  CALCULATED AT",  
2 1 X ,  A 6 ,  IX,  3 A 6 / )

RETURN
END
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COMM ON N ,  K ,  KK, NFI R S I ,  N 1 DEL, I AM, IN 1 ,  N N 2 ,  N F 2 ,  N 1 A, R2DEL,  BM 
1 , 1  PLU,  AC,  A FCT R ,K K 2,  CHKZ,KK2KK, I F S S 4 , I N T E G , Y (  3 0 0 )  ,  X(  3 0 0 ,  1) 

COMMON U< 3 0 0 ) , C H A N (  1 0 ) , B( 1 0 ) , P G <  1 0 ) , T I M <  1 0 ) ,  V( 3 0 0 )
COMMON DY( 3 0 0 ) , I C H <  5 ) , B L T (  1 0 ) , X B M (  1 0 ,  1 4 )
REAL I NCR 
INTEGER CHAN 

5 3 1  FORMATC " L I F E T I M E S  ( N S )  ” , 5 F 1 2 . 5 )
5 3 5  FORMATC "C O E F F IC I E N T S  " , 5 F 1 2 . 5 )
5 4 0  FORMATC 1 OX, "THE UNWEIGHTED SIGMA I S  " ,  1 P E 1 2 . 5 )

C L B R T R = 0 . 0
CALL I N P A K C N 1 ,N T C ,  CHAN, TIM,  TIME,  DY)
PR IN T,  " P R I N T  REGRES.  RESULTS? , TABULATE Y ?  CO-NO 1 - Y E S ) "
s w t c h = o ; k = o
IN P U T ,  SWT CH, K 
I F C K . E Q . O G O  TO 1 
PRINT 1 1 , C D Y C I ) , I  = 1 , N 1 )

11 FORMATC DC, 1 OFT.  0 )
1 P R I N T ,  "ENTER NO. OF PARAMETERS, F I R S T  P 0 I N T , L A S T  P O I N T , "  

P R I N T , "  REP RATE, BREAK P O I N T ,  CONSTC I F KNOWN)"
K = 5 ; I N 1 = 1 ; N N 2 = 2 5 5 ; R E P R =1 0 0 0 0 . JN 1A= 1  
DO 3 8  1 = 1 ,  10  

3 8  B C I ) = 0 .
I N P U T ,  K,  I N 1 , N N 2 ,  REPR, N 1 A ,  BCK)
DO 6  1 = 1 ,  NTC 
U C I ) = C H A N C I )

6 V C I ) = T I M C I )
I F C T I M C D )  3 5 0 , 3 5 5 , 3 6 0  

3 5 0  CLBRTR=-TIMC 1)
RMSER=TI MC 2 )
GO TO 3 7 0

3 5 5  I FC CLBRTR) 1 , 3 5 6 , 3 7 0
3 5 6  C L B R T R = 1 . 0  

R M S E R = 0 . 0  
GO TO 3 7 0

3 6 0  CONTINUE
4 2 5  FORMATC IH ,  "COUNT RATE=",  F 5 .  1 ,  "%")

SAO—2 . 0
CALL R G R E S C V , U , A 0 ,  A l ,  1 , N T C ,  S A l ,  SAO)
PRINT 4 5 0 ,  AO, SAO 

4 5 0  FORMATC "TIME A X I S  INTERCEPT = " ,  F 1 0 . 5 ,  " N S . ,  STD DEV = " 
1 F 1 0 . 5 ,  "  N S " )

CLBRTR=A1  
RMSER=SA1  

3 7 0  CONTINUE 
S F R R = 0 . 0  
DO 4 1 5  1 =  1 ,  N1  

4 1 5  SF R R= S FR R+ D YC I)
SFRR=C C S F R R / T I M E ) / R E P R ) *  1 0 0 .
PR INT  4 2 5 ,  SFRR
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Y Q = 0 .
N = N N 2 - I N 1 + 1
DO 5  1 = 1 ,  N
U C I ) = I - 1
X < I , I ) = I
I N 1 M 1 = I + I N 1 - 1
Y Q=AM AX 1 ( Y Q, DY < INIM n  )

5  Y ( I ) = D Y ( I N 1 M 1 )
K K = C K - l ) / 2  
BM=0 
A C = 0  

3 A F G T R = 1 . 0  
NFI RST=1
S C A L E = 6 3 . / A L 0 G ( 1 0 0 0 . )
C H K Z = 0 . 0  
N 2 D E L = 5 0  
I N C R = . 1 
I N T E G = 0  
IAM=1  
KK1=KK 
I = N  

9  N 2SA V = I  
N 1= N2SA V  

1 0  N 2= N 1  
R2DEL=R2  
N 1 = N 1 - N 2 D E L  
N F 2 = N 2
I F ( N I - N I A )  1 4 , 1 4 , 1 5

1 4  A F C T R = 1 0 .
R2DEL=R2
NF2=N1A
N 1 = N 1 A
N 1A = 1
I AM=3

15  DO 5 0  I = N 1 , N 2
tk-rkH-nn. i

V ( I ) = Y ( I ) - B ( K )
3 0  I F  (K K 2 -K K )  3 5 , 4 5 , 4 5  
3 5  KK2=KK2+1  

KK2KK=KK2+KK
V ( I ) = V (  I ) - B < K K 2 K K ) * E X P (  - U (  I )  /BCKK2)  )
GO TO 3 0

4 5  I F C V ( I ) - C H K Z ) 4 6 ,  4 6 , 5 0
4 6  CONTINUE 

1 = 1-1
I F C N 2 - N 1 A - 5 )  1 5 0 ,  1 5 0 , 9  

5 0  V ( I ) = A L O G ( V ( I ) )
BMSAV=BM
ACSAV=AC

5 5  CALL R G R E S C V , U , A C , B M , N 1 , N 2 S A V , R 2 , S W T C H )
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GO TO ( 6 0 , 7 0 , 8 0 ,  1 0 0 ) , lAM 
6 0  R 2 Z 1 = R 2  

IAM=IAM+1  
N 2 D E L = 2 0  
GO TO 10  

7 0  I AM=I AM+ 1 
N2=N1
I F ( K K 1 . E Q .  D G O  TO 14  
N 2 = N 2 + 2 0  
GO TO 10  

8 0  R 3 D E L = R 2 Z 1 - R 2
8 4  I F (  R 2 -A F C T R * R 2 D E L )8  5 ,  1 0 ,  10
8 5  I F ( K K l - K K )  1 4 0 , 8  6 ,  8 6
8 6 I AM=I AM+ 1

AFGTR=1.
I F ( N 1 - N 1 A ) 8 8 , 8 8 , 8 7

8 7  N 1 = N F 2
8 8  N 2= N 2SA V
9 0  R 2 Z 1 = R 2

BKSAV=B(K)
9 6 BC K) =BC K) + I NCR* EXP< AC+BM*U< N 2 )  ) 

GO TO 15
1 0 0  I F ( R 2 - R 2 Z 1 )  1 0 1 ,  1 0 1 ,  1 0 4
1 0 1  GO TO ( 1 0 2 ,  1 0 2 ,  1 0 5 ) , NFIR ST
1 0 2  N F I R S T = N F I R S T + 1  

I N C R = I N C R / 1 0 .
B (K )= B K S A V
BM=BMSAV
AC=ACSAV
GO TO 9  6

1 0 4  N F I R S T = 3  
GO TO 9 0

1 0 5  I N C R = - I N C R / 1 0  
BM=EMSAV 
AC=ACSAV 
INTEG=INTEG+ 1
IF< i N T E G - 4 . 0 ) 9 6 , 9 6 ,  1 2 0  

1 2 0  BCK)=BKSAV  
R 2 D E L = R 2 Z 1
C H K Z = Y Q / 1 0 0 0 . * E X P (  2 0 . /SCA LE)

1 4 0  I F ( N 1 - N 1 A )  1 4 1 , 1 4 1 , 1 4 2
141  BMSAV=BM 

ACSAV=AC
1 4 2  CONTINUE 

A FC T R =1 .
B ( K K 1 ) = - 1 / B M S A V  
KK1KK=KK1+KK 
B(KKIKK)=EXP< ACSAV)
IAM= 1
KK1=KK1-1
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PR IN T  7 7 7 7 , N 1 , N 2 S A V , R 2 D E L  
7 7 7 7  FORMATC" EXP F I T  FROM", I 4 ,  " TO",  I 4 ,  "LI NEARI TYC R 2 )  I S "  

1 , 1 P E 1 5 . 9 )
I F C N l - 1 )  1 4 5 ,  1 5 0 ,  1 4 5  

1 4 5  CONTINUE 
N 2 S A V = N 1
I F ( K K l - O )  1 5 0 ,  1 5 0 ,  10  

1 5 0  I F C K K l - 0 )  1 5 5 ,  1 6 6 ,  1 5 5  
1 5 5  KK=KK-KK1  

K=2*K K + 1  
DO 1 6 0  1 = 1 , KK 
IP K = I + K K 1  

1 6 0  B C I ) = B C I P K )
DO 1 6 5  1 = 1 , KK
I P L U = I + K K 1 * 2 + K K
IPKK=I+KK

1 6 5  B C I P K K ) = B ( I P L U )
I P L U = K + K K 1 * 2
B C K )= B C I P L U )

1 6 6  SIG = 0 . 5  SI  GM=0.
DO 2 1 0  1 = 1 , N 
YT=BCK)
DO 2 0 0  J = 1 , K K  
KJ=KK+J

2 0 0  Y T = Y T + B C K J ) * E X P C - X C I ,  1 ) / B C  J )  )
2 1 0  S I G = S I G + Y C I ) / Y T ; S I G M = S I G M + C Y C I ) - Y T ) * * 2  

SI  G=SI  G / N ;  s i  GM=S0RTC s i  GM/N)
I F C K K l . L T .  0 ) G 0  TO 168  
K K 1 = - 1
DO 1 6 7  1 =  1 , KK
PGC 2 * 1  )  =BC I ) ;KK3=KK+I J BCKK3) = B C K K 3 ) * S I  G 
PGC 2 * I - 1 ) = B C K K 3 )

1 6 7  BLTC I )= C L B R T R * B C I  )
GO TO 1 6 6

168  PRINT 5 4 0 ,  SIGM 
PGCK)=BCK)
PRINT 5 3 1 , C B L T C I ) , I  = 1 ,KK)
K K 1 = K K + 1 5 I F S S 4 = 0  
PRINT 5 3 5 , C B C I ) , I = K K 1 , K )
PRINT 11 1 1 , CLBRTR,RMSER 

1 1 1 1  FORMATC "CALIBRATION I S  " ,  F8 .  5 ,  " N S/CHAN WITH STD DEV 
1 F 8 . 6 ,  " N S /C H A N " )

K=K+1
PRINT,  "PLOT? C 0 - N G ,  PLOT I N C R - Y E S )  "
INP UT,  I F S S 4  
I F C I F S S 4 . E Q . 0 ) G 0  TO 1 
CALL DSPAK 
GO TO 1 

9 0 0 0  CALL E X IT  
END
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SUBROUTINE RGRES < V , U ,  A,  B , N 1 , N 2 ,  R 2 ,  SWTCH)
DIMENSION U ( 5 1 2 ) ,  V( 5 1 2 )
REAL M l , M2

1 2 0  FORMATC"ZERO ( S T D  ERROR OF ESTIMATE EXCEEDS STD DEV 
l O F  Y ")

N = N 2 - N 1 + 1
1 0 0  FORMATC IX,  "SIM PLE LINEAR REGRESSION

1 EQUATION: L O G C Y - F C X ) ) = A + B * X " , / / I X , " I N D X  R*R VALUE 95% 
2C 0N F L I M I T S  BEGIN END D I F F " )

1 5 0  FORMAT C l H l )
2 0 0  FORMATC F 9 .  5 ,  AH A = ,  3 F 1 2 . 8 ,  I A, I 6 ,  I 6 / , 9 X ,  4  

IH B = , 3 F 1 2 . 8 )
I FC S W T C H .E G .2 . )  GO TO 11 
IFC A) 8 , 1 0 , 8

8 I F  C I C N T - 2 5 )  1 1 ,  1 1 , 9
9 PR IN T  1 5 0

1 0  ICN T=1
IFC SWT CH. EQ.  D G O  TO 101  

1 0 2  P R I N T l l O ,
1 1 0  FORMATC IH ,  "ITERATIONS NOT DISPLAYED")

GO TO 11
101  PRINT 1 0 0 ,

11 CONTINUE 
S1 = 0  
S 2 = 0  
S 3 = 0  
S A = 0  
S 5 = 0
DO 2 0  I = N 1 , N 2  
S 1  = S 1 + U C I )
S 2 = S 2 + U C I ) * U ( I )
S 3 = S 3 + V ( I )
SA=SA+VC I ) * V ( I )

2 0  S 5 = S 5 + U C I ) * V ( I )
M 1 = S 1 / N
M 2 = S 3 / N
D 1 = S 2 / N - M 1 * M 1
D 2 = S A / N - M 2 * M 2
D 3 = S 5 / N - M 1 * M 2
C1=N*D1
R 8 = 0
B = D 3 / D 1
A=M2-B*M1
D A = D 2 - B * D 3
DA4=DA
I F C D 4 - D 2 )  2 0 7 0 , 2 0 4 0 , 2 0 4 0
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2 0 4 0  R 8 = l  
R 2 = 0
GO TO 8 0 8  0  

2 0 7 0  R 2 = 1 - ( D 4 / D 2 )
2 0 8 0  CONTINUE

I F ( R 8 )  2 1 1 0 , 2 1 3 0 , 2 1 1 0  
2 1 1 0  PRINT 1 2 0  

GO TO 2 1 6 0  
2 1 3 0  D 2 M 4 = D 2 - D 4

D4SQR=SQRTC D4)
2 1 6 0  D 4 = N * D 4 / ( N - 2 )

T = l . 9  59 9  6 + 2  .  3  7 2  2 6 / ( N - 2 )  + 2 . 8 2 2 5 0 / ( N - 2 ) * ( N - 2 )  
D5=SQRT< D 4 / C 1 )
D6=SQRT< D 4 / N )
B 1 = B - T * D 5
B 2 = B + T * D 5
A 1 = A - T * D 6
A 2 = A + T * D 6
IFC SWTCH.NE.  1) GO TO 5 6
PRINT 2 0 0 , R 2 ,  A , A 1 ,  A 2 , N 1 , N 2 , N , B ,  B 1 , B 2

5 6  CONTINUE
IFC SW T C H . N E . 2 . 0 )  GO TO 5 7
R 2 = D 5
SW TCH=D6

5 7  CONTINUE 
RETURN 
END
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SUBROUTINE DSPAK 
C PLOT ROUTINE

COMMON N ,  I K ,  I W, M, I B , I  TEST,  I DUM, NDUM, I PR,  I FG, IM,  Y T ,  TE ST,  
IWVAR, S S Q , I D F ,  DET,  I SW, I PLT,  I SC ,  Y(  3 0 0 )  , X (  1 , 3 0 0 ) ,  WC 3 0 0 ) , I X (  1 0 ) ,  
2PG( 1 0 ) , PC 1 0 ) ,  SPC 1 0 ) , Y C C  3 0 0 ) , D Y C  3 0 0 ) , B M C  1 0 ,  1 1 ) ,A L A B C  1 0 ) , I N T T ,  
3PARTC 1 0 ) , N S E T S  

EQUI VALENCE C I DUM, I N I ) ,  C NDUM, NN2)
DIMENSION ICHC 1 0 ) ,  APLTC 6 5 )
INTEGER APLT
DATA I BCH, I SCH,  I C H /"  " ,  "* " ,  " A " ,  " B " ,  " C " ,  " D " ,  " E " ,  " T " ,  " U " ,  "V"

1 ,  "W", " X " /
DATA I 0 C H / " 0 " /

5 0 0  FORMAT C IX ,  1 3 ,  6 5 A 1 )
9 01  FORMATC IHO)
9 0 5  FORMAT CSX, F 7 . 3 , 5 3 X , F 7 . 0 )

K = I K - 1  
K K = I K / 2 - l  
YQ=YC 1)
DO 5 1 = 1 ,  N 

5 YQ=AMAX1CYQ,YC I ) )
S C A L E = 6 3 . / A L 0 G C 1 0 0 0 . )
C H K Z = E X P C l . / S C A L E ) * Y 0 / 1 0 0 0 .
J =  - I P L T  
PR IN T  9 0 1  
Y Q L N 1 = C Y Q / 1 0 0 0 . )
PR IN T  9 0 5 , Y Q L N 1 , Y 0  

1 7 0  I X P L T = 0  
N l  = 6 5  

2 0 0  DO 2 1 0  1 = 1 , 6 5  
2 1 0  APLTC I ) = I  SCH 

APLTC 3 2 )  =I  OCH 
ü= ü +  1 
GO TO 2 5 0

2 1 5  J = J + I P L T
I F C J - N )  2 1 6 , 2 1 6 , 1 7 0

2 1 6  CONTINUE 
I X P L T = I N 1 + J - 1  
DO 2 2 0  1 = 2 , 6 4

2 2 0  APLTC I ) = I  BCH 
DO 2 4 0  1 = 1 , KK 
DUM=YCJ)-PCK)
DO 2 3 0  I J = 1 , K K  
IFC I J - 1 )  2 2 5 ,  2 3 0 , 2 2 5  

2 2 5  DUM=DUM-PC 2 * 1  J - 1 ) * E X P C - X C  1 ,  J ) / P C  2 * 1  J )  )
2 3 0  CONTINUE

I FC DUM-CHKZ) 2 3 7 ,  2 3 7 ,  2 3 5
2 3 5  NMBR =CAL06CDUM )-ALOGCYQ/1 0 0 0 . ) ) * SCALE+1 .

IFC NMBR-6 4 ) 2 3 8 , 2 3 8 ,  2 3 6
2 3 6  NMBR=64  

GO TO 2 3 8
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2 3 7  NMBR = 2
2 3 8  APLT(NMBR) = I C H ( I )

I F  C N l .L T .N M B R )  N1=NMBR 
2 A 0  CONTINUE

N M B R = ( D U M - P ( K - 2 ) * E X P ( - X (  1 ,  J ) / P ( 2 * K K ) ) ) / ( Y (  J ) * * . 5 ) * 2 .  + 3 2 .  
I FC NMBR- 1 ) 2 4  7 ,  2 4 7 ,  2 4 5

2 4 5  CONTINUE
IFC NMBR-6 4 ) 2 4 8 , 2 4 8 , 2 4 6

2 4 6  NMBR=64  
GO TO 2 4 8

2 4 7  NMBR = 2
2 4 8  APLTCNMBR) = ICHCKK+1)

I FC N 1 .  L T. NMBR) N 1 =NMBR
2 5 0  PR IN T 5 0 0 , I X P L T ,  C APLTC I ) , !  = ! , N l )

N l = 2
I F  C J - N )  2 1 5 ,  1 7 0 ,  2 5 1

2 5 1  CONTINUE 
RETURN 
END

LASL 2 0 : 0 8  THU. FEB 0 5 ,  19 7 0

$ L I B , M I N V ,  , , * ♦ *
$LI  B ,  GMPRD, ,  ,  * * *
$SAV
$NDM

C MAIN PROGRAM FOR NONLINEAR LEAST SO.  EXP.  F I T .  FROM LASL 
DIMENSION ZC 1)
COMMON N,  I K ,  I W, M, I B ,  I T ES T ,  I DUM,NDUM, I PR ,  I FG, IM,  Y T ,  TEST,  

IWVAR, SSQ,  I D F ,  DET, I SW, I PL T ,  I SC ,  YC 3 0 0 )  ,XC 1 , 3 0 0 ) , W C  3 0 0 ) , IXC 1 0 ) ,  
2PGC 1 0 ) , PC 1 0 ) , SPC 1 0 )  ,  YCC 3 0 0 )  ,  DYC 3 0 0 )  ,  BMC 1 0 ,  1 1 ) ,A L A B C  1 0 ) ,  I NTT,  
3PARTC1 0 ) , NSETS,DUMC1)
4 , 2

EQUIVALENCE C I DUM, I N 1 ) ,  C NDUM, NN2)
C CLEAR DUM.- PART 

1 D U M C 1 ) = 0 .
DO 2 0  K = l ,  10  

2 0  P A R T C K ) = 0 . 0  
C CALL INPUT ROUTINE  

I N 1 = 0  
N N 2 = 5  
CALL ISPAK  

C CALL CALCULATION ROUTINE 
CALL QSPAK 

C CALL OUTPUT ROUTINE  
CALL RSPAK 

C CALL PLOT ROUTINE  
I P L T = 0
PR I N T ,  "ENTER PLOT INCR I F  PLOT I S  D E S I R E D . "
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IN P U T ,  I PLT
I F C I P L T .  GT. 0 )  CALL DSPAK
GOTO 1
END

ISPAK 2 0 : 0 8  THU. FEB 0 5 ,  1 9 7 0

SUBROUTINE ISPAK  
C INPUT ROUTINE

DIMENSION ZC 1)
COMMON N ,  I K ,  I U, M, I B ,  I TEST,  I DUM, NDUM, I PR,  I FG, IM ,  Y T ,  T ES T ,

IWVAR, SS Q ,  I DF, DET,  I SW, I PLT,  I S C , Y (  3 0 0 5  , X (  1 ,  3 0 0 )  ,  WC 3 0 0 5  ,  IXC 105 ,  
2PGC 1 0 5 , PC 1 0 5 , SPC 1 0 ) , YCC 3 0 0 5 ,  DYC 3 0 0 ) ,  BMC 1 0 ,  1 1 ) ,A L A B C  1 0 5 , I N T T ,  
3P A R T C 1 0 ) , N SE T S,  DUMC15 
A » Z

EQUIVALENCE C I DUM, I N  15 ,  C NDUM, NN25 
CALL I NPAKC N, I B ,  I X ,  P ,  TI ME, Y 5
P R I N T ,  "ENTER NO. OF PARAMS, F I R ST  P T . ,  LAST P T . ,  WEIGHT POWER" 
P R I N T ,  " , I P R = 0 ,  1 ,  2 ,  OR 3  FOR I N C R .  OUTPUT, I M = 2  HOLD C O N S T ."
IFC PC 1 5 )  3 5 0 ,  3 5 5 , 3 6 0  

3 5 0  CLBRTR=-PC15  
GO TO 2  

3 5 5  C L B R T R = 1 .0  
GO TO 2  

3 6 0  D E T = 2 . 0
DO 3  1 = 1 , I B  
D Y C I5 = P C I 5  

3 W C I 5 = I X C I )
CALL RGRESC DY, W, TEST,  CLBRTR, 1 ,  I B ,  AI ,  DET)

2  IK= 5 ; I N 1 = 1 ; NN 2 = 2 5 5 j WEIT= O ; I P R =  0  
IM=1
I NPUT, I K ,  IN  1,  N N 2 ,  WEI T ,  I PR,  IM 
IXC 2 5 = I K
N S E T S = 0 ;  I B = 0 ;  I T E S T = 0 ;  I K=IK+ 1 
ISW = 0

2 0 1  FORMATC I X ,  111 3 ,  8 F 3 .  0 , 3 1 3 )
IXC 1)  =IKJ I FG=25M= 1 J K K = I K - 2 ; K I  = I K -  1
P R I N T ,  "ENTER TAUC SHORT,LONG),  COEFFC SHO RT ,L ON G),  CONSTANT" 
I N P U T ,  C P G C K 5 ,K =2 ,K K ,  25 ,CPGC J ) ,  J = 1 , K I ,  25 
P G C I K ) = 0 . 0  
P G C I K - l ) = P G C I K - l )  + . 5
P R I N T ,  "CALIBRATI ON I S " ,  CLBRTR, " NS/C HA N"
DO 11 1 = 1 , N 
AI = I  - 1  

11 XC 1 ,  I ) = A I * C L B R T R  
C SET UP W EIGHTS

IFC WEI T .  NE.  0 . 0 )  GO TO 6 
D 0 4 0 I  = 1 , N  

4 0  WC I 5 = 1 . 0
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G 0T 08
6 W< 1) = 1 . 0  

Y C 0 N S T = 0 . 0
DO 4 5  J = 2 ,  I K ,  2  

4 5  YCQNST=YCQNST+PG( J -  1 ) * E X P ( - X (  1 ,  1 ) / P G (  J ) )
D 0 5 0 I = 2 , N  
W ( I ) = 0 . 0  
DO 4 7  J = 2 , I K , 2  

4 7  W ( I ) = W ( I )  + P G ( J - 1 ) * E X P ( - X (  1 , I ) / P G ( J ) >
5 0  W(I)=WC I ) / Y C O N S T

I F C W E I T .E Q .  1 . 0 )  GO TO 8 
4 0 5  FORMATC "WEI GHT RANGES FROM 1 . 0  TO " ,  F 7 . 3 ,  "  FOR OTAN

7 DO 6 0  1 = 2 , N
6 0  W ( I ) = W ( I ) * * W E I T

8 T E S T = 1 . 0 E - 0 8  
N = N N 2 - I N 1 + 1  
P R I N T  4 0 5 , W ( N ) , N N 2  
DO 5 5  1 = 1 , N 
I N 1 M 1 = I + I N 1 - 1

5 5  Y ( I ) = Y ( I N 1 M 1 )
RETURN 

1 CALL E X I T  
END

QSPAK 2 0 : 0 8  THU. FEB 0 5 ,  1 9 7 0

SUBROUTINE QSPAK 
C CALCULATION ROUTINE

DIMENSION AMC 1 0 0 ) ,  DPC 1 0 ) , P C (  1 0 ) , ANC 1 0 )
DIMENSION ZC 1),MAC 10) ,M B C  1 0 )
COMMONN, I K ,  I W, M, I B ,  I T ES T ,  I DUM,NDUM, I PR,  I FG,  IM ,  Y T ,  TEST,

IWVAR, S S Q ,  I DF,  DET,  I SW, I PLT,  I SC,YC 3 0 0 )  ,XC 1 ,  3 0 0 )  ,  WC 3 0 0 ) ,  IXC 1 0 ) ,  
2PGC 1 0 ) , PC 1 0 ) ,  SPC 1 0 ) , Y C C 3 0 0 ) , D Y C  3 0 0 ) , BMC 1 1 0 ) ,A L A B C  1 0 ) , I N T T ,  
3PARTC1 0 ) , N S E T S ,D U M C 1)
4 ,  Z 

REAL LBDA
EQUIVALENCE C I T E S T , L A S T I  T)

C I N I T I A L  OUTPUT OPTION 
I F C I P R . E Q . 0 ) G 0 T 0 1  
PR IN T  4 0 0 ,  TEST  

4 0 0  FORMATC/8H TEST = , 1 P E 1 5 . 7 / )
C I N I T I A L I Z A T I O N  FOR MAIN ITERATION LOOP 

1 K F R E E = I K - I M  
K P = K F R E E + 1 
ID F = N - K F R E E  
D F = I D F  
I T = O i I  FG=1  
L B D A = . 0 0 0 1  
D 0 1 0 K = 1 , I K
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D P ( K ) = 0 . 0
S P ( K ) = 0 . 0
P C (K )= P G (K )

10  P ( K ) = P G < K )
L A S T I T = 0
M 2 5 C = 0
I F < K F R E E . E Q . 0 ) G 0 T 0 3  

C MAIN ITERATION LOOP
2 I T = I T + 1

1
D 0 3 0 K = 1 , K F R E E
D 0 2 0 K K = 1 ,K F R E E
J J = K + ( K K - 1 ) * K F R E E
A M ( J J ) = 0 .

2 0  B M ( J J ) = 0 .
J J = K + ( K P - 1 ) * K F R E E  
B M C J J ) = 0 .
JJ=K+K*KFREE  

3 0  B M C J J ) = 0 .
3 V A R = 0 . 0  

S S Q = 0 . 0
C LOOP TO SET UP NORMAL EQUATIONS  

D09 01 = 1 , N
C CALL YP ROUTINE, CALCULATE SUM OF SQUARES 

D 0 4 0 J = 1 , M  
4 0  Z C J ) = X ( J , I )

CALLYPSCI)
YCC I >=YT  
D Y C I ) = Y C I ) - Y C C I )
VAR=VAR+WC I )*DYC I ) * * 2  
S S Q = S S Q + D Y C I ) * * 2  
I F C K F R E E .E Q . 0 ) G0T09 0  

C SET UP AN AS VECTOR OF PARTIAL DERIVATIVES  
K1 = 0
D 0 6 0 K = 1 , I K  
IFC I M . E Q . O )  G 0 T 0 4  
D 0 5 0 K K = 1 , I M  
I F C K . E Q . I X C K K ) )  G 0T 05  

5 0  CONTINUE
4 K 2= K-K1  

ANCK2)=PARTCK)
G 0 T 0 6 0

5 K 1= K 1+ 1  
6 0  CONTINUE

C FORM A AND B MATRICES  
D 0 8 0 K = 1 , K F R E E  
D 0 7 0 K K = 1 ,K F R E E  
J J = K +  C K K -1 ) * K F R E E  
AMCJJ)=AM C JJ)+A N C K)*AN C KK)*WC I)  
I J = J J + K F R E E
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7 0  BMC I J ) = A M (  J J )
8 0 B M ( K ) = B M ( K ) + A N ( K ) * D Y ( I ) * W ( I )
9 0 CONTINUE

WVAR=VAR
I F C K F R E E . E Q . O G O  TO 2 3
I F C L A S T I T . E Q .  1 )L B D A = 0
CALL LAMBDAC 1 ,  P C,  LBDA,  DP, I T ,  AM)
NM— 2

C OPTIONAL PRINTOUT OF A AND B MATRICES ON LAST ITERATION  
I FCLASTI T . E Q . O )  G 0 T 0 6  
I F ( I P R . L T . 3 ) G 0  T 0 6  
PRINT 5 0 0

5 0 0  FORMATC/ / / , 3 X , I H K , 1 9 X , 6 H A C  K , L ) , 2 8 X , 4 H B C K ) / / )
DO 1 1 0 K = 1 ,  KFREE 
PRINT 6 0 0 ,  BMC K)

6 0 0  FORMATC/ / 1 H + , 1 P 1 E 6 7 . 5 )
J J = C K - 1 ) * K F R E E + 1  
IJ=K *KFREE  

1 1 0  PRINT 7 0 0 , K ,  C A M C I I ) , I I = J J ,  I J )
7 0 0  FORMATC I 5 ,  1 P 4 E 1 2 . 4 / C 4 X , 4 E 1 2 . 4 ) )

C SOLVE THE NORMAL EQUATIONS
6 IFCKFREE.  GT. 1)  G0T0 7 

DET=AMC1)
BMC 2 )  = 1 . 0 / AMC1)
GO TO 8

7 CONTINUE
CALL MINVC BMC K P ) , K F R E E ,  D E T ,MA, MB)
I FC DET.  EQ .  0 .  )  LASTI T= 1
IFC D E T . E Q . O . )  P R I N T ," S I N G U L A R  STSTEM ITE R  NO " ,  I T 
CALL GMPRDC BMC KP) ,  BM, DP,  KFREE, KFREE, 1 )
DO 1 1 5  1 = 1 ,  KFREE 
I J = C I - 1 ) * K F R E E + I
SPC I ) =DPC I ) 5 DPC I ) =DPC I ) /SQRTC AMC I J )  )

1 1 5  P C C I ) = P C I ) + D P C I )
C WRITE THE VALUE OF THE DETERMINANT, A INV E R SE ,  AND 
C NO. OF ITERATIONS

CALL LAMBDACNM, PC ,LBD A , D P ,I T ,  AM)
I F C N M . E Q . 2 )  GO TO 7

8 I F C L A S T I T . E Q . O )  GOTOl 1 
PRINT 8 0 0 ,  I T ,  DET

8 0 0  FORMATC 1 6 , "  I T E R A T I O N S ,  DET.  OF PART. DERIV.  MATRIX = "  
1,  1 P E 1 4 . 6 )

C CALCULATE NEW PARAMETER VALUES AND CHECK FOR SIGN CHANGES 
C I F  NECESSARY 

11 K 1 = 0
D 0 1 4 0 K = 1 , I K  
I F C I M . E Q . 0 ) G 0 T 0 1 2  
D 0 1 3 0 K K = 1 , I M  
I F C K . E Q . I X C K K ) )  GOTOl 6  

1 3 0  CONTINUE
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12  K 2= K -K 1
1 3  P C ( K ) = P ( K ) + H * D P ( K )

I FCLASTI T . N E .  0 )  G 0 T 0 1 4 0  
I F C I F G - l )  1 4 ,  1 4 0 ,  15

14  I F C I T . G T . 5 )  G 0 T 0 1 4 0
1 5  I F ( P ( K ) * P C ( K )  . G E . O ) G Q T 0 1 4 0  

H = H / 2
I F C H . G E .  l . O E - 1 0 )  GOTOl 1
P R I N T , " P R O G .  QUIT ITERATING DUE TO PARAMETER " ,  K,  " CHANGED SIGN"  
H = 0 .
L A S T I T = 1  
GO TO 8

1 6  K 1 = K 1 + 1  
1 4 0  CONTINUE

C OPTIONAL PRINTOUT FOR EACH ITERATION  
I FCLASTI T . N E .  0 )  G0T019  
IFC I P R . L T .  D G O  TO 17  
PRINT 1 3 0 0 ,  I T , H ,  VAR 

1 3 0 0  FORMATC IHO, 1 3 ,  1 P 2 E 1 7 .  7 )
1 4 0 0  FORMAT C 1 P 6 E 1 1 . 3 )

I F C I P R . L T .  2 ) G 0  TO 17 
PR IN T 1 4 0 0 , C P C C K ) , K = 1 , I K )

C TEST FOR CONVERGENCE
17 KK=0  

D 0 1 6 0 K = 1 , I K
IFC PC K ) .  EQ.O)  G 0T 018
I F C A B S C C P C C K ) - P C K ) ) / P C K ) ) - T E S T )  1 6 0 ,  1 6 0 ,  19

18 KK=KK+1 
1 6 0  CONTINUE

I F C K K . E Q . I K ) G 0 T 0 1 9
M25C=1

C SET PARAMETER VALUES FOR THE NEXT ITERATION
19 D 0 1 7 0 K = 1 , I K  

1 7 0  PCK)=PCCK)
C AFTER LAST ITERATION GO BACK FOR FINAL CALCULATION OF YC,
C D Y .E T C .

IFC LA ST I  T . E Q . 0 ) G 0 T 0 2 1
KFREE=0
G0TO3

C TEST WHETHER 2 5  ITERATIONS HAVE BEEN TAKEN
2 1  I F C M 2 5 C . E Q .  D G 0 T 0 2 2  

I F C I T . L T .  2 5 ) G 0 T 0 2
C GO BACK FOR LAST ITERATION

2 2  L A S T I T = 1  
G 0 T 0 2

C CALCULATE WEIGHTED VARIANCE, STANDARD DEV. OF THE PARAMS.
2 3  WVAR=VAR/DF 

TEST=SQRTCSSQ/DF)
K1 = 0
D 0 1 9 0 K = 1 , I K
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I F ( I M . E Q . 0 ) G 0 T 0 2 A  
D 0 1 8 0 K K = 1 , I M  
I F ( K . E Q . I X (  KK) ) G 0 T 0 2 5  

1 8 0  CONTINUE
2 4  K2=K-K1  

K 3 = K 2 + K 2 * ( I K - I M )
K 4 = K 3 - I K + I M
S P ( K ) = S Q R T ( B M ( K 3 ) * W V A R / A M ( K 4 ) ) 
GOTO 1 9 0

2 5  K1=K1+1  
19 0  CONTINUE

RETURN
END

RSPAK 2 0 : 0 8  THU. FEB 0 5 ,  1 9 7 0

SUBROUTINE RSPAK 
C OUTPUT ROUTINE

DI MEN SI ON ZC 1)
COMMON N,  I K ,  I W,M, I B ,  I TEST,  I DUM,NDUM, I PR,  I FG, IM, Y T ,  TEST,

IWVAR, SSQ,  I D F ,  DET, I S W, I PLT,  I SC,  YC 3 0 0 ) ,  XC 1,  3 0 0 ) ,  WC 3 0 0 ) ,  IXC 1 0 ) ,  
2PGC 1 0 ) , PC 1 0 ) , SPC 1 0 ) ,  YCC 3 0 0 ) ,  DYC 3 0 0 ) ,  BMC 1 1 0 ) ,A L A B C  1 0 ) , I N T T ,  
3PARTC1 0 ) , N SE T S,D U M C 1)

DIMENSION T S C 4 0 )
C PAGE 1 OF THE STANDARD OUTPUT 

I = - l
CALL Y P S C I )
PRINT 2 0 0 , WVAR,TEST,SSQ  

2 0 0  FORMATC/26H THE WEIGHTED VARIANCE I S  1 P E 1 4 . 7 ,
1 / "  THE UNWEIGHTED SIGMA I S  " ,  1 P E 1 4 . 7 ,
2 / 4 9 H A N D  THE UNWEIGHTED SUM OF SQUARES OF THE DEVS I S  1 PE 1 4 . 7 )  

3 0 0  FORMATC" GUESS OF FINAL VAL OF S . D .  OF
1 EXACT L ST  SQRS E Q N S 'V "  K K-TH PARAM K-TH
2PARAM K-TH PARAM FITTED FCTN INPUT DATA")

PRINT 5 0 0  
K F R E E = IK - IM  
DO 4 0  K = l , K F R E E  

2 A = 0 . 0  
B = 0 . 0
DO 3 0  1 = 1 , N 
ZC 1)=XC 1 , 1 )
CALL Y P S C I )
A =A +W C I)*Y C C I)*PA R T C K )

3 0  B = B + W C I )* Y C I ) * P A R T C K )
PRINT 5 0 0 , K ,  P G C K ) , P C K ) , S P C K ) , A , B  

5 0 0  FORMATCI 3 , 1 P 3 E 1 2 . 4 ,  3 X , 1 P 2 E 1 2 . 4 )
4 0  CONTINUE 

C CAL AND R I T E  CCRR MATRIX
I F C I P R . L T .  D G O  TO 7 0
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P R IN T  7 0 0
7 0 0  F O R M A T C / / / / / 4 3 H  MATRIX OF CORRELATIONS BETWEEN FREE PARAMS,  

1)
DO 6 0  K l = l , K F R E E  
DO 5 0  K 2 = l , K F R E E  
IJ=K 2+K FREE+K1  
JJ=K1*KFR E E +K1  
KJ=K2*KFREE+K2  

5 0  T S ( K 2 ) = B M ( I J ) / S Q R T C B M C J J ) * B M C K J ) )
8 5 1  F 0 R M A T C I 3 , 8 F 8 . 3 / C F 1 1 . 3 ,  F 8 . 3 ) )

5 6  PR IN T  8 5 1 , K 1 , C T S C K ) , K = 1 , K F R E E )
6 0  CONTINUE 
7 0  RETURN 

END

Y PS 2 0 : 0 8  THU. FEB 0 5 ,  1 9 7 0

SUBROUTINE Y P S C I )
C FUNCTION AND PARTIAL DERIVATIVE ROUTINE  

DIMENSION ZC 1)
COMMON N ,  I K ,  I W, M, I B ,  I T E S T ,  I DUM, NDUM, I PR,  I FG, IM,  Y T ,  T E S T ,  

1 W V A R , S S Q , I D F ,  D E T , I S W ,  I P L T , I S C , Y C  3 0 0 ) , XC 1 ,  3 0 0 ) ,  WC 3 0 0 ) ,  IXC 1 0 ) ,  
2PGC 1 0 ) , PC 1 0 ) , SPC 1 0 ) ,  YCC 3 0 0 ) ,  DYC 3 0 0 ) ,  BMC 1 0 ,  1 1 ) ,A L A B C  1 0 ) , I N T T ,  
3PARTC1 0 ) , N S E T S,D U M C 1)
4 , Z  

K = I K - 1  
IFC I )  1 , 3 , 3

9 0 0  F O RM A T C / /8X,  "SUM OF EXPONENTIALS: YC I ) =PC 1 ) *EXPC-XC I ) "
1 ,  " /P C  2 )  ) + .  .  .  + PC " ,  I 1 ,  " )  • " / / )

1 PR IN T  9 0 0 , K 
G 0 T 0 4

3 Y T = 0 . 0
DO 10  K = 2 , I K , 2  
PA R T C K -1)= E X PC -Z C  D / P C K ) )
P A R K  K) ^PC K -  Î )  *PART< X -  1 >
YT=YT+PARTCK)

10  P A R T C K ) = P A R T C K ) * Z C 1 ) / P C K ) * * 2
4  RETURN 

END
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LAMBDA 20;  08 THU. FEB 0 5 ,  1970

SUBROUTINE LAMBDA (NM, PC,LBD A, DP, I T ,  AN)
DIMENSION PGC 1 0 ) ,  AM( 1 1 0 ) ,  DPC 1 0 )
REAL LBDA ,N U  
DIMENSION ANC 1 0 0 )
COMMONN, I K ,  I W, M, I B ,  I T ES T ,  I DUM, NDUM, I PR,  I FG,  I M, Y T,  T ES T ,

IWVAR, SS Q ,  I D F ,  DET,  I SW, I PLT,  I SC ,  YC 3 0 0 ) , XC 1 ,  3 0 0 ) ,  WC 3 0 0 ) ,  IXC 1 0 ) ,  
2 P G C 1 0 ) , P C  1 0 ) , SPC 1 0 ) ,  YCC 3 0 0 ) ,  DYC 3 0 0 ) ,  BMC 1 1 0 ) ,A L A B C  1 0 ) , I N T T ,  
3PA R T C 1 0 ) , N S E T S ,D U M C 1)

KFREE= I K - I M 5 NU= 1 O i  NI =KFREE*C KFREE+ 1 )
H=i.o;Nu=io.
GO TO C I O ,  1 0 0 )  NM 

10  DO 2 0  K = l , K F R E E  
I J = C K - 1 ) * K F R E E + K  
BMCK)=BMCK)/SQRTCANC I J ) )
DO 2 0  K K = 1 ,K F R E E  
K J = C K K - 1 ) *KFREE+KK  
I=K*KFREE+KK
BMC I ) =BMCI) /SQRTC ANC I J ) * ANC K J ) )

2 0  AM CI)=B M CI)
GO TO 5 0 0

joo d=o .;g d=o .5G=o .
DO 1 2 0  J = l , K F R E E  
G = B M C J ) * * 2 + G ;  D = S P C J ) * * 2 + D  

1 2 0  G D = B M C J ) * S P C J ) + G D  
GD=GD/SQRTC D*G)
I F C I P R . N E .  0 ) P R I N T ,  •• COSC GAMMA) = " ,  GD 

1 6 0  P H I = 0 .
DO 2 0 0  J = 1 , N  
Y T = 0 .
I N = I K - 1
DO 1 5 0  K = 1 , I N ,  2  

1 5 0  YT=YT+PCCK)*EXPC-XC 1 ,  J ) / P C C K + 1 ) )
2 0 0  F H I = W C J ) * C Y C J ) - Y T ) * * 2 + P H I  

I FC PHI . L E .  WVAR) GO TO 6 0 0  
I F C G D . L T . . 7 0 7 . A N D . L B D A . G T . O . ) G O  TO 4 0 0  
H = H / 9 - 0 ? K = 0
I F C I P R . N E .  0 )  PR IN T  9 2 0 , H , P H I  
DO 2 2 0  1 = 1 ,  KFREE
DPC I ) =H*DPC I )  5 PCC I ) =PC I ) + DPC I ) ) CHK=ABSC DPC I ) /PCC I ) )
I FC C H K .L T .  T E S T ) K = K + 1 

2 2 0  CONTINUE
I FC KFREE- K) 6 0 0 ,  6 0 0 ,  1 6 0  

4 0 0  LBDA=LBDA*NU
IFC I P R .N  E.  0 )  PRI NT 9  1 0 ,  LBDA, I T ,  PHI 
I J=KFREE+ 1 
DO 3 0 0  K = I J , N I  

3 0 0  BMCK)=AMCK)
GO TO 5 2 0  

5 0 0  IFC L B D A . G T . . 0 0 0 1 ) LBDA=LBDA/NU  
5 2 0  I J = K F R E E + 1
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LAMBDA 2 0 : 0 8  THU. FEB 0 5 ,  1970

DO 5 3 0  K = I J , N I , I J  
5 3 0  B M (K)=A M(K)+LBDA  

RETURN 
6 0 0  NM=l

I F C I P R . N E .  0 )  P R I N T ,  " PH I=  " ,  PHI 
RETURN 

9 0 0  FORMATC1P3E11 . 4 )
9 1 0  FORMATC "LAMBDA= " ,  1 P E 7 . 1 ,  " I TE R  NO. " ,  I 2 ,  " F H I=  " ,  

1 1 P E 1 5 . 9 )
9 2 0  FORMATC" H= " ,  1 P E 8 . 2 ,  " PHI=  " ,  1 P E 1 5 . 9 )

END

JE R K l  2 0 : 0 8  THU. FEB 0 5 ,  1 9 7 0  

$NDM
DIMENSION YC 5 1 2 ) , I C H A N C  1 ) ,T I M C  1 ) ,  AC 1 0 )
REAL L 1 , L 2
P R I N T ,  "READ I D  TAPE"
READ 1 0 1 ,  L 1 ,  L 2 ,  DA, XMO,YR, RN, SA ,  V,  P
PR IN T  2 0 0
N T C = i ; iC H A N C  1) = 1
I N P U T ,  N,  TIMC 1 ) ,  AM
IFC TIMC 1) . G T .  0 . ) T I M C  1)= -T IM C  1)
PRINT,"NUMBER OF EXPTL.  PARAMS. ,  1 ST COEF.  , 1  ST L I F E T I M E , "  
P R I N T , " 2  ND C O E F . ,  . . .  ,  CONSTANT"
I N P U T ,  I K ,  C AC I ) ,  1 = 1 ,  I K )
I K = I K + 1
A C I K ) = 0 . 0
B = 1 . 0
A S U M = 0 . 0
DO 1 1 = 1 , N
Y C I ) = 0 .
DO 3  J = 1 , I K , 2  

3 Y C I ) = Y C I )  + AC J)*EXPCTIMC 1 ) *C I -  1 ) /AC J + 1 ) )
ANOI SE=AM*C RNDMC B ) - 0 .  5)*SQRTC YC I ) )
ASUM=ASUM+ANOI S E * * 2  

1 Y C I ) = Y C I ) + A N 0 I S E
P R I N T ,  "SUM OF N OISE  FOR DATA I S  " ,  ASUM 
ASUM=SQRTC ASUM/C N - I K + 1 ) )
PRI NT,  " SI  GMA FOR DATA I S " ,  ASUM 
T I M E = 2 0 0 0 .
CALL OPENFC 1 , " I N P U T " )
WRITEC 1 ,  1 0 1 ) L 1 , L 2 , D A , X M 0 , Y R ,  RN, S A , V , P  
WRITEC 1 ,  1 0 2 ) N ,  NTC, Cl  CHANC I ) ,  1 = 1 ,  NTC)
WRITEC 1 ,  1 0 3 )  C TIMC I ) ,  1 = 1 , NTC)
WRITEC 1 ,  1 0 4 )  TIME,  C Y C I ) , 1 = 1 , N)
CALL CLOSEFC 1 ,  " I N P U T " )

1 0 1  F0RMATC2A6,  A 2 , A 3 , A 4 , I 2 , A 6 ,  F 5 . 0 ,  F 5 .  1)
1 0 2  FORMATC I 3 , 1 1 , 8 1 3 )
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JERKl 2 0 : 0 8  THU. FEB 0 5 ,  1970

1 0 3  F 0 R M A T ( 8 F 7 .  2 )
1 0 4  FORMATC I 6 ,  91  7 )
2 0 0  FORMATC "ENTER NUMBER OF CHANNELSCN),  CALIBRATION CNS/CHAN"  

1 , " ) ,  MULTIPLIER FOR N O I SE ")
END



APPENDIX B

EXAMPLES OF INPUT DATA FIL E  AND EXECUTIONS FOR FPLOT, RICH,  
LASL AND J E R K l .

I NPUT 2 2 : 1 3  ACC WED. MAR 1 1 , 1 9 7 0

R T THOMPSONSEP 
2 5 5 4  11 19 6 7 1 0 3

1 ,  68  3HELIUM38 6 7 .  6 . 5

6 3 . 2 5 9 0 . 9 0 2 5 6 .  5 0 3 8 0 . 3 5
3 4 1 1 5 0 1 9 4 9 8 8 4 9  3 0 4 9 7 0 5 1 2 4 49  0 3 5 0 4 9 5 0 3 0 48  6 6
4 9  61 4 4 1 5 4 2 0 2 4 1 0 1 3 8 6 1 38 01 3 6 9 1 3 4 5 6 3 2 7 7 3 9 3 9
2 9  58 2 8 8 9 2 7 6 1 2 6 7 7 2 5 1 4 9 3 8  5 9 9 9  4 2 9 7 9 2 9 3 2 9 1 9 8
2 0 3 0 1 8 9 6 1 8 3 2 1 7 6 0 1 7 0 7 1 6 6 1 1 5 5 6 1 4 6 0 1 4 5 3 1 4 4 2
1 4 0 1 1 4 3 3 1 3 5 6 1 3 0 2 1 1 7 8 1 1 7 5 1 1 6 1 1 0 8 8 1 1 2 5 1 0 9 4
1 0 7 4 9 8 6 9 5 3 1 0 3 0 9 6 6 9 59 8 7 7 8 9 5 8 9 6 8 98

8 48 8 1 6 8  17 7 6 9 7 8 8 7 5 5 7 3 5 7 4 0 7 2 5 7 1 4
7 1 9 7 0 3 69  7 6 8 4 6 8 9 6 6 9 59  6 6 3 2 6 4 5 6 3 9
5 9 0 5 7 0 5 9  6 6 0 5 6 1 0 5 6 8 58 6 5 9 4 5 4 4 5 5 7
5 3 0 5 4 1 5 4 4 5 7 4 5 4 9 5 3 1 5 5 0 4 8 9 5 1 9 5 0 9
5 3 4 4 9  5 4 9  1 5 0 7 5 1 6 49  5 4 7 9 4 9 1 5 0 7 5 0 8
4 7 3 4 7 9 4 4 8 4 6 6 4 8  6 4 9  7 4 5 2 4 5 1 4 3 5 4 5 7
4 0 0 5 0 0 4 0 3 4 4 3 4 3 8 4 4 8 4 3 5 4 4 2 4 2 7 4 0 0
4 3 7 4 2 3 4 1 1 4 6 7 4 3 7 3 9 8 3 8 3 4 3 0 4 2 1 3 7 4
4 2 5 39  4 4 2 8 4 3 3 4 1 5 4 2 8 3 6 2 4 0 9 39  5 4 1 1
3 9 3 3 6 4 3 8 4 3 9  4 4 1 8 3 7 2 379 3 8 2 3 9 8 4 1 4
4 0 4 4 0 6 3 7 7 3 6 5 3 7 4 3 6 7 3 8 5 4 1 6 3 5 2 3 6 1
3 7 1 3 3 6 3 7 1 3 5 5 3 4 8 3 7 3 3 7 7 3 8 4 3 5 8 3 6 6
3 5 7 3 5 9 3 5 5 3 6 2 3 7 5 3 8 5 3 7 1 3 1 3 38  0 3 3 4
3 1 8 3 2 4 3 2 8 3 4 9 3 0 4 3 3 8 3 6 0 3 6 4 3 5 0 3 0 0
3 1 8 3 5 4 3 2 1 3 5 5 3 6 6 3 5 8 3 3 9 3 7 6 3 0 7 3 3 6
3 3 3 3 0 8 3 2 3 3 4 3 3 5 8 3 2 6 3 1 9 3 1 1 3 2 9 3 1 8
3 2 4 3 3 8 2 9 1 3 0 8 3 1 5 3 4 0 3 3 1 2 9 8 3 1 8 3 0 5
3 3 5 3 3 0 3 2 5 2 8 0 3 1 7 2 7 8 3 1 6 3 0 3 3 1 3 3 0 5
2 9 4 2 6 3 3 0 2 3 0 7 3 1 5 3 0 3 3 1 1 3 0 5 2 8  3 2 8 9
2 7 5 2 7 8 3 0 6 2 7 3 28 6 4 1 1

RAN: 0 1 . 3  SECS
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FPLOT 2 1 : 0 4  ACC WED. MAR 1 1 , 1 9 7 0

R T THOMPSON DA TE -SE P 1 , 6 8  RUN # 3 
SAMPLE-HELIÜM WAVELENGTH=386 7 .  A PRESSURE= 6 . 5  MICRONS

CALCULATED AT 2 1 : 0 4  WED. MAR 1 1 , 1 9 7 0

ENTER PLOT INCREMENT 
? 3

ENTER SCALE L I M I T S ,D E F A U L T  VALUES ARE 2 6 3  5 1 2 4
?

2 6 3 .  5 1 2 4 .
* *
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

0* +
3* +
6* +
9 * +

12* +
15* +
18* +
2 1 * +
2 4 * +
2 7 * +
3 0 * +
3 3 * +
3 6 * +
3 9 * +
4 2 * +
4 5 * +
4 8 * +
5 1 * +
5 4 * +
5 7 * +
6 0 * +
6 3 * +
6 6 * +
6 9 * +
7 2 * +
7 5 * +
7 8 * +
8 1 * +
8 4 * +
8  7* +
9  0 * +
9  3 * +
9  6* +
9 9 * +

1 0 2 * +
1 0 5 * +
1 0 8 * +
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1 1 1 * +
1 1 4 * +
1 1 7 * +
1 2 0 * +
1 2 3 * +
1 2 6 * +
1 2 9 * +
1 3 2 * +
1 3 5 * +
1 3 8 * + ■
1 4 1 * +
1 4 4 * +
1 4 7 * +
1 5 0 * +
1 5 3 * +
1 5 6 * +
1 5 9 * +
1 6 2 * +
1 6 5 * +
1 6 8 * +
1 7 1 * +
1 7 4 * +
1 7 7 * +
1 8 0 * +
18 3* +
1 8 6 * +
1 8 9 * +
19 2 * +
19 5 * +
1 9 8 * +
2 0 1 * +
2 0 4 * +
2 0 7 * +
2 1 0 * +
2 1 3 * +
2 1 6 * +
2 1 9 * +
2 2 2 * +

2 2 8 * +
2 3 1 *  
2 3 4 *  +

+

2 3 7 *
2 4 0 * +

+

2 4 3 * +
2 4 6 *  
2 4 9 *  +  
2 5 2 * +

+

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

RAN: 0 7 . 7  SECS
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RICH 2 1 : 4 5  ACC WED. MAR 1 1 , 1 9 7 0

R T THOMPSON D A TE -S E P 1 ,  68 RUN # 3 
SAMPLE-HELIUM WAVELENGTH=38 6 7 .  A PRESSURE= 6 . 5  MICRONS

CALCULATED AT 2 1 : 4 5  WED. MAR 1 1 , 1 9 7 0

PR IN T  REGRES.  RESULTS? ,  TABULATE Y ?  ( O-NO 1 - Y E S )
?

ENTER NO.  OF PARAMETERS,FIRST P O I N T ,L A S T  PO IN T ,
REP RATE,BREAK POINT,CONSTCI F KNOWN)

? 5 , 9 , 2 4 9 ,  1 1 0 0

TIME A X I S  INTERCEPT = 2 5 . 3 9 8 7 5  N S . ,  STD DEV = 0 . 0 6 6 7 2  NS
COUNT RATE= 6 .2 %
ITERATIONS NOT DISPLAYED
EXP F I T  FROM 7 1  TO 2 4 1 L I N E A R I T Y C R 2 )  I S  9 . 0 5 3 8 3 1 4 3 E - 0 1  
EXP F I T  FROM 1 TO 67LINEARI TYC R2)  I S  9 . 8  5 4 6 0 9 8  l E - 0 1

THE UNWEIGHTED SIGMA I S  5 . 5 2 7 5 E + 0 1  
THE WEIGHTED SIGMA I S  9 . 5 9 7 8 E + 0 1  

L I F E T I M E S  CNS) 6 0 . 5 3 0 0 5  5 2 1 . 5 9 4 5 8
C OE FFIC IEN T S 4 2 3 1 . 3 6 7 6 9  6 2 4 . 4 3 0 1 4  1 6 2 . 0 2 4 5 2
CALIBRATION I S  3 . 4 4 7 0 3  NS/CHAN WITH STD DEV OFO. 0 0 1 7 8  6  NS/CHAN  
PLOT?C O-NO,  PLOT I N C R - Y E S )
? 5
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4 . 1 8 3  4 1 8 3 .

9 *  C B A
1 4 *  C B A
19*  C B A
2 4 *  C B A
2 9 *  C B A
3 4 *  C B A
3 9 *  C B A
4 4 *  C BA
4 9 *  C A B
5 4 *  C A B
5 9 *  C A B
6 4 *  C A B
6 9 *  C B
7 4 *  A C  B
7 9 *  A C  B
8 4 *  A C B
8 9 *  A C B
9 4 *  A C B
9 9 * A C B

1 0 4 *  A C B
1 0 9 *  A C B
1 1 4 *  A C B
1 1 9 * A  C B
1 2 4 * A C B
1 2 9 * A C B
1 3 4 * A C B
1 3 9 * A  C B
1 4 4 * A  C B
1 4 9 * A  C B
1 5 4 *  A C B
1 5 9 *  A C B
1 6 4 * A C B
1 6 9 *  A C B
1 7 4 * A  C B
1 7 9 * A  C B
1 8 4 *  A CB
1 8 9 * A  C B
1 9 4 * A  C B
1 9 9 * A  C B
2 0 4 *  A B C
2 0 9 *  A CB
2 1 4 *  A B C
2 1 9 * A  C B
2 2 4 * A  CB
2 2 9 * A  C B
2 3 4 *  A BC
2 3 9 *  A C
2 4 4 *  A B C
2 4 9 * A  CB

0* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 0* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
RAN* 2 0 . 3  SECS
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LASL 2 1 : 5 8  ACC WED. MAR 1 1 , 1 9 7 0

R T THOMPSON D ATE-SEP 1 , 6 8  RUN #  3
SAMPLE-HELIUM WAVELENGTH=386 7 .  A PRESSURE= 6 . 5  MICRONS

CALCULATED AT 2 1 : 5 6  WED. MAR 1 1 , 1 9  7 0

ENTER NO.  OF P ARAMS, F I R ST  P T . ,  LAST P T . ,  WEIGHT POWER 
,  I P R = 0 ,  1 ,  2 ,  OR 3 FOR I N C R .  O U T PU T ,IM =2 HOLD CONST.
? 5 , 9 , 2 4 9 , - 1 , 0

ENTER TAUC SH O RT ,L O N G ) ,  COEFFC SHORT,LONG) ,  CONSTANT 
? 6 0 , 5 2 2 , 4 2 3 1 ,  6 2 4 ,  1 6 2

CALIBRATION I S  3 . 4 4 7 0 2 5 0 9 0 E + 0 0  NS/CHAN  
WEIGHT RANGES FROM 1 . 0  TO 1 6 . 8 3 7  FOR CHAN 2 4 9

6 I T E R A T I O N S ,  DET.  OF PART.  D E R I V .  MATRIX = 6 . 7 1 6 2 9 E - 0 5

SUM OF EXPONENTIALS: Y ( I )  = P ( l ) * E X P ( - X ( I ) / P ( 2 ) )  + . . .  + P ( 5 )

THE WEIGHTED VARIANCE I S 5 . 1 6 0 5 6 4 E + 0 3
THE UNWEIGHTED SIGMA I S  3 . 2 1 4 4 2 0 E + 0 1

AND THE UNWEIGHTED SUM OF SQUARES OF THE DEVS I S  2 . 4 3 8  4  6 9 E + 0 5
GUESS OF FINAL VAL OF S . D .  OF EXACT LST SQRS EONS

K K-TH PARAM K-TH PARAM K-T H  PARAM F I T T E D  FCTN INPUT DATA
1 4 . 2 3 1 E + 0 3 4 .  1 8 8 E + 0 3 4 . 5 1 9 E + 0 1 1 . 8 7 1 E + 0 0 1 . 8 7 1 E + 0 0
2 6 . 0 0 0 E + 0 1 6 .  1 9 8 E + 0 1 1 . 1 1 7 E + 0 0 1 . 6 8  7 E + 0 3 1 .  68 7 E + 0 3
3 6 . 2 4 0 E + 0 2 5 . 5 6 2 E + 0 2 2 . 8 8 2 E + 0 1 1 . 5 5 9 E + 0 5 1 . 5 5 9 E + 0 5
4 5 . 2 2 0 E + 0 2 4  .  0 9 9 E + 0 2 6 . 4 6 0 E + 0 1 4  .  2 6 8 E + 0 5 4 . 2 6 8 E + 0 5
5 1 . 6 2 5 E + 0 2 2 . 2 4 9  E + 0 2 2 . 3 3 4 E + 0 1 1 . 1 7 2 E + 0 6 1 .  1 7 2 E + 0 6

ENTER PLOT INCR  
? 5

I F  PLOT I S  DE SIR E D .



Ov

K>
in
M
o
in

CO to  CO CO 
J> JS' CO CO vO «5 JV 
*  *  *  * 
> >

to  CO CO CO CO
CO CO »— *— o
vO JV. NO JS. vO
*  *  *  *  *
>  >  > > T>

o i o a > j < i o » 0 ' t n ( j i Ê - X i - c o c o c o c o » - * * - * o o ' 0 ' ûo Q OQ- » 3 - o c \ o \ t n t n i > j ^c o c o c o c o * —•—
v l ) I i . \ O . f c - \ 0 ^ ' O j ÿ V D j S . v O j i - N O j > ' O j i ' ' O j > N O j i . v 0 i > N O J > v O j ï \ O J i ' V D j > \ O j s . v O J > v O J i - \ O

ï-  a> D> 3> 3> 3> S>
* * * * * * * *

3>

CD

o  a

o

“ “ m 
o  a

o  o
a o

o  o

a  a

o
o o a

o
a

o
Cl
a  o

a  o
a

a  o  a  
o

o

3>
o

n

o

o  o  o  o  o
n  o

n  a  5> I> o
o o a o  n o o o

a  a  a  a  o  o  cio  a a o  >  ^  o
o  a  3> n

a  a  a
a  a  a

a  a a  a  a  a  3> a  
a  a a  a  a  a

3> a
ï> a

a
s>

3>

i>

ï>

a
cn

ca
a



118

JERKl 2 2 : 2 4  ACC WED. MAR 1 1 , 1 9 7 0

READ I D  TAPE
? R T THOMPSOiMMAR 1 1 ,  7 0  3HE S IM 38  6 7 . 0 0 0 . 0

ENTER NUMBER OF CHANNELS(N) ,  CALIBRATION ( N S / C H A N ) ,  MULT IPL IE R  FOR NOISE  
? 2 4 1 , 3 . 4 4 7 , 4 . 0 3

NUMBER OF E X P T L .  P A R A M S . ,1  ST COEF. , 1  ST L I F E T I M E ,
2  ND C O E F . ,  . . .  ,  CONSTANT 
? 5 , 4 1 8 8  ,  6 1 . 9 8  ,  5  5 6 . 2 ,  4 0 9 . 9  ,  2 2 4 . 9

SUM OF N O I S E  FOR DATA I S  2 . 4 3 6 1  2 1 0 6 5 E + 0 5  
SIGMA FOR DATA I S  3 . 2 1 2 8 7 2 0 6 2 E + 01

RAN: 0 4 . 0  SECS

DATA F I L E  " I N P U T "  GENERATED BY JERKl

R T THOMPSONMAR 
2 4 1 1  1

1 1 , 7 0  3HE S I M 3 8 6 7 .  0 . 0

- 3 . 4 5
2 0 0 0 4 9 7 9 4 7 6 9 4 6 2 1 4 3 7 5 4 1 2 9 3 9  7 3 3 6 4 3 3 5 3 3 3 3 5 1
3 2 8 8 3 1 8 3 29  7 4 29  6 6 2 6 8  7 2  7 0 8 2 5 0 1 2 4 6 6 2 4 2 9 2 3 0 6
2 0 8 7 2 0 4 1 2 0 3 4 1 8 9 4 1 8 7 7 1 8 2 1 1 7 0 6 1 7 3 9 1 5 4 0 1 5 9 7
1 5 4 1 1 4 3 4 1 3 8 5 1 3 7 5 1 2 6 8 1 2 6 9 1 18 3 1 2 1 4 1 1 6 6 1 1 5 6
1 0 9 9 1 1 3 1 1 0 3 0 1 0 7 0 9 3 4 9 2 6 9 7 4 9 8 7 9  1 6 8 9 8

8 4 9 8 7 0 8 8 5 8 3 7 8 0 3 7 3 2 7 6 7 7 6 7 7 2 8 7 69
7 6 5 7 6 1 7 1 8 6 6 8 7 0 2 6 7 5 6 9 9 6 2 2 6 3 2 6 2 1
6 4 0 6 1 8 5 8  5 6 4 9 6 0 6 5 4 3 6 1 6 6 1 3 6 0 1 5 2 7
5 5 3 5 8  2 5 9 9 5 1 6 5 0 5 4 9 8 5 3 9 5 4 7 4 9 0 5 2 4
4 8 5 4 7 9 5 0 0 4 8  5 4 6 2 5 3 6 4 5 1 5 2 8 4 7 6 4 4 7
4 5 7 5 0 2 4 9 0 4 4 9 4 6 6 4 9 4 4 9  7 4 2 6 4 8 5 4 2 0
4 5 1 4 2 6 4 2 0 4 2 5 4 1 5 4 7 9 4 2 4 4 4 7 4 7 9 4 6 0
4 6 5 4 2 4 4 1 2 4 0 1 4 2 5 4 1 5 4 6 3 4 2 0 3 6 5 39  0
39  3 4 4 7 4 0 6 4 0 4 4 2 2 3 8 4 39 7 4 0 2 3 8 4 39 0
4 2 5 4 0 6 3 7 4 4 3 2 4 1 6 4 2 9 4 1 2 4 2 4 4 0 7 3 4 7
3 7 2 4 2 2 4 1 2 3 7 2 3 7 3 3 4 0 3 6 2 3 9 8 4 0 6 3 5 9
39  3 3 9 4 3 9 4 3 8 5 39  7 39  3 3 3 0 3 7 8 3 7 0 3 5 3
3 2 2 3 5 4 3 5 7 3 2 3 3 8  2 3 5 8 3 6 3 3 7 9 3 4 5 3 7 3
3 1 4 3 8 0 3 2 9 3 2 0 3 5 0 3 0 9 3 1 4 3 3 0 3 7 4 3 4 9
3 1 6 3 4 1 3 3 6 3Cfl 3 5 4 3 1 9 3 6 8 3 0 6 3 0 2 3 2 1
3 1 1 3 0 7 3 6 0 3 5 2 3 2 8 3 3 2 3 4 4 3 1 0 3 5 0 3 1 7
3 3 5 3 0 5 3 2 1 3 1 5 2 8 4 29  0 3 1 9 2 8 3 3 1 2 3 0 3
3 4 4 3 1 5 3 3 4 2 7 8 3 3 3 3 2 1 3 1 0 2 8 2 2 8  5 3 3 2
3 0 8 3 0 1 3 3 4 3 1 0 2 8 5 2 7 4 2 9 8 3 2 3 3 2 6 3 2 3
2 7 8 3 1 8



APPENDIX C

EXPERIMENTAL OBSERVATIONS FOR HELIUM LIFETIME MEASUREMENTS

U p p er
S t a t e

1 s t
P u l s e
E n e rg y

(e v )

2nd
P u l s e
E n e rg y

(e v )

2nd
P u l s e

D u r a t io n
(n s )

P u l s e
F a l l
Tim e
( n s )

D a ta  
A c q u i s i t i o n  

R a te  
(% o f  

p u l s e  r a t e )

P r e s s u r e
(p -H g )

■ 1 s t  
L i f e t i m e  

( n s )

2nd
L i f e t i m e

( n s )

1 s t
E x p o n e n t i a l

A m p li tu d e

2nd
E x p o n e n t i a l

A m p li tu d e
C o n s ta n t I d e n t i f i c a t i o n

3 l s 90 500 2 .9 19 5 7 .1 + 0 .7 12320+37 1485+ 38 1 1 /3 0 /6 9 /2
90 500 2 .5 27 6 4 .0  2 .2 22 5 3  25 4219 27 1 1 /3 0 / 6 9 /3
97+2 500 2 .3 90 6 0 .4  0 .6 8746 27 1480 23 1 1 /2 8 /6 9 /4
75 5 500 98 6 0 .0  3 .0 4749 47 1325  44 1 1 /2 8 /6 9 /5
70 500 100 6 1 ,4  0 .5 12880  31 97  31 1 1 /3 0 / 6 9 /1
92 4 500 2 .7 200 6 9 .3  0 .6 10000  26 32 7^'26 1 1 /2 8 / 5 9 /3

‘ 5 lS 3 .7 25 1 3 3 .8 + Ô .9 2154+ 13 58±2 9 /1 /6 8 7 6
1 0 .4 55 1 0 5 .0  0 .6 3472 22 75 2 8 /2 7 /6 8 /6
1 0 .9 60 1 1 2 .4  0 .9 2938 11 57  5 9 / 2 / 6 3 / 3
1 1 .9 120 8 5 .6  0 .6 4044 17 64 4 9 / 2 / 6 8 / 2

8 .3 325 3 9 .6  0 .8 140  ±6 3482 5 556+45 10 0 .9 9 / 2 / 6 3 / 1

6 Is 25 1 8 4 .0 + 1 .2 3700+16 197+4 9 / 1 / 6 3 / 5
9 .1 44 8 8 .0  19 181±19 1099 530 19571536 105 7 8 /2 9 /6 8 /1 3
4 4 55 6 4 .0  3 .0 209 45 1697  78 257  81 122  5 8 /2 7 / 6 8 /7
9 .8 80 3 9 .9  0 .7 17 7  7 5269 52 888 47 82 3 8 /2 6 / 6 8 /5
9 .2 120 1 2 9 .0  2 . 3 489 160 3465 49 112  56 107  400 8 /2 9 /6 8 /9
9 . 3 200 9 3 .0  3 .0 388 224 329 7 86 1 9 3  77 74 21 8 /2 9 / 6 8 /5
9 .4 300 2 0 .2  1 .6 209 4 6 76 29 1017  14 40 3 8 /2 9 / 6 8 /1
8 .8 350 4 4 .0  1 .0 19 3 12 3407 42 518  40 70 3 8 /2 9 / 6 8 /4

71s 500 25 1 .8 140 4 4 .2 ± 4 .0 192+24 2050+174 1925+136 477+ 53 6 /2 3 / 7 0 /2

8^S 145 500 50 5 .7 76 5 9 .4 + 0 .7 431± 27 5887± 41 982+ 47 5 7 /2 7 7  70 / Î
1 4 0 -1 2 0 500 25 110 5 5 .0  1 .0 551  201 3621 45 761 130 0±150 9 / 1 7 / 7 0 /2

81 ±4 500 25 140 2 6 .2  0 .8 119 4 7217 150 5005  1 4 8 281 17 8 /2 4 / 7 0 /1
81+4 500 25 140 1 6 .4  2 .0 9 8  8 3352 208 5605 112 45 132 8 /2 4 / 7 0 /2

g i s 2 7 5 -8 0 500 15 145 4 5 .8 + 0 .4 7584±27 462+ 13 8 /2 4 7 7 0 /4

S t a s t l c a l  u n c e r t a i n t i e s  a r e  g iv e n  f o r  t h e  f i t t e d  e x p o n e n t i a l  p a r a m e t e r s .  W h e re -n o n e  a r e  g iv e n  t h e  p a r a m e te r  w as h e l d  c o n s t a n t .



APPENDIX C (c o n tin u e d )

D ata
1 s t  2nd 2nd P u ls e  A c q u is i t io n

U ooer P u ls e  P u ls e  P u ls e  F a l l  R ate  P re s s u re  1 s t  2nd 1 s t  <:no
S ta te  E nergy Energy D u ra tio n  Time (% o f  p u ls e  (p-Hg) L ife t im e  L ife t im e  E x p o n e n tia l E x p o n e n tia l C o n s ta n t I d e n t i f i c a t i o n
_________ (ev) (ev ) (n s ) (n s )_______ r a t e ) ____________________ $ns)_______ (n s )  Amp l i tu d e __ A m plitude— ----- ----------------------------------------

5 .8  40 3 3 .8 1 0 .6  293125 39 7 814 3 4 0 8118 1 8318 8 /2 9 /6 8 /1 2
9 3 120 2 3 .4  0 .4  200 7 3754 45 574 18 78 3 8 /2 9 /6 8 /1 0

w/w sw » B.9 i,? 4
8 .8  300 1 7 .7  0 .5  196 4 274 3 6 5 811 14 4 3 2 8 /2 9 /6 8 /2

-7Tp.................... -  90780 “  “ 500-----------  25--------------------------------125---------16 .81Ô .3  “  Î4 613  “  “  6044Ï55 “  “  3259Ï4? Ô ^  8 /25770 /3  “
'  '  4 .6  150 2 4 .1  1 .0  280 24 677 19 162 7 6313 “ 8 /2 7 /6 8 /8

9 .2  150 4 9 .2  1 .4  _ 355 40____ 2 2 8 4 _ 3 6 _____ 4 3 3 _ 2 2 ______ 128 11____ ^  f /2 7 /6 8 /1 0 _

"sTp 140 500 25 7 .3  78~ 3 0 .5 1 2 .0  4731(>10S)16820l655 3700(>10S) 572(>1Q5) 7 /2 7 /7 0 /2
9 5 /8 2  500 30 120 1 7 .4  0 .5  15214 4989 6 2 3020154 0 8 /2 5 /7 0 /2

110/80  500 30 145 4 1 .9  1 .0  67 2241 16 626115 8 /2 4 /7 0 /6
96 /80  500 25 145 8 .5  0 .8  67 3 5402 263 12150 176 10 8 /1 9 /7 0 /4 ^

225 /80  500 15 150 4 5 .8  0 .7  2656 15 333 12 8 /2 4 /7 0 /5
62 500 30 500_____ 1 5 .1  0 .8  _ 120 11_ _ 3326_102_ _  3331_42   447 110 _ _ 8 /2 5 /7 0 /1  _

j i p ]  I I  I I I  96 /8 0  I  I 5Ô0I  I I 25I I __________________ 140______3 5 .0 1 2 .0  _ 25917 _ _  1826130 _ _  1362131  10 ------------8 /1 9 /7 0 /3  _
î o ï p  96 /80  ~ 500 _ _ 25______________________ 130______3 7 .7 1 2 .0  _ 255110_ _ 1657135 _ _ 1158138 _______ 1 0  8 /1 9 /7 0 /2  _

"gTp 100 500 _ _ 2 . 6 _________ 23____ 1 3 .3 1 0 .2 _____________ 12630178 ___________________ 1006120 1 1 /3 0 /6 9 /5  _

4 lp  124/95 500 20 _________ 100____ 2 9 .7 1 0 .6 ____ 8 3 1 5 ___  77921196___ 1 7 ^ 1 2 1 1 _________ 0   8 /2 6 /7 0 /2  _

"cTp 124/95 ”  " 500”  20 100 2 7 .9 1 0 .3  11414 138501120 33851136 0 8 /2 6 /7 0 /1
90 /  80 500 25 ____  140_____ 2 3 .1  0 .4  _  108 4 _ _ 3850_44 _ _ 1 1 6 9 _ 5 0 ________0   8 /2 5 /7 0 /5  _

3^D 125 30 15 0 .7  25 2 0 .0 1 1 .0  582120 72712 1 /2 8 /7 2 /2
140 150 30 15 2 .0  26 2 1 .4  0 .5  281124 5443 64 2148139 906 24 1 /2 8 /7 2 /1

90 85 90 10 8 .0  26 1 9 .2  0 .3  385 35 8672 46 1 864 4 7 100 1 3 /2 0 /7 1 /4
380 60 120 30 4 .0  30 2 2 .8  0 .5  256 17 5054 50 1944 22 423 46 1 /7 /7 2 /3
380 60 120 30 5 .6  31 2 5 .6  0 .6  1 9 1 9  6444 83 2282 51 0 55 1 /7 /7 2 /4 =
135 85 110 15 6 .7  41 3 1 .3  0 .5  2 35 1 7 8213 6 8 207 8 34 74 45 1 /7 /7 2 /1
140 270 40 15 7 .6  56 2 7 .8  0 .4  124 7 15309 146 2859 147 687 22 1 /2 6 /7 2 /1

NÏ-
0 --

T h ird  e x p o n e n tia l  o b se rv ed  h a v in g  356±33 n s  l i f e t i m e  and 27111270 a m p litu d e , 

^ Ih i rd  e x p o n e n tia l  o b se rv ed  h av in g  16441372 n s l i f e t i m e  and 648167 a m p litu d e .



APPENDIX C (c o n tin u e d )

D ata
1 s t  2nd 2nd P u ls e  A c q u is i t io n

U pper P u ls e  P u ls e  P u ls e  F a l l  R a te  P re s s u re  1 s t  2nd 1 s t  2nd
S ta t e  Energy Energy D u ra tio n  Time (% o f  p u ls e  (p-Hg) L ife t im e  L ife t im e  E x p o n e n tia l E x p o n e n tia l C o n s tan t I d e n t i f i c a t i o n

(ev ) (ev ) (n s )  (n s )______ r a t e ) ____________________ (n s )  (n s )  A m plitude A m plitude

3^0 125 60 110 15 5 .6  5 8 25.6+0 . 8 107+4 499 3+100 2497+10 3 298+8 1 /7 /7 2 /2
( c o n t . )  80 50 90 10 8 .0  58 1 8 .0  0 .3  141 4 10750 66 3671 74 100 1 0 /2 0 /7 0 /3

170 50 20 15 8 .6  60 2 7 .7  0 .5  418 57 5707 48 2072 110 269 150 1 /2 5 /7 2 /1
150 100 40 15 2 .1  61 1 9 .7  0 .7  158 12 284 8 53 1299 35 1295 24 1 /2 6 /7 2 /2

95 300 110 5 4 .4  70 4 9 .8  2 .0  183 38 7556 206 1050 190 100 36 1 /8 /7 2 /1
320 100 10 6 .0  77 4 4 .9  4 .0  92 14 5736 107 2773 1075 137 17 1 2 /1 6 /7 1 /3

125 52 120 2 0 4 . 6 80 26 . 2 0 . 5 15 3 6 564 8 5 7 1 79 4 4 7 191 13 1 /7 /  72 /6 ^
125 52 120 20 6 .9  82 2 8 .7  0 .4  192 8 13373 109 4358 74 149 42 1 /7 /7 2 /5

60 40 90 10 8 .0  90 1 7 .4  0 .7  99 3 6361 69 2932 77 100 1 0 /2 0 /7 2 /2
250 110 25 1 .1  110 3 3 .3  3 .0  89 10 225 8 206 1113 214 80 7 1 2 /1 5 /7 1 /3
220 120 25 4 .9  110 31.0  2 .0  76 5 6135 4185 508 331 10 1 2 /1 5 /7 1 /2  .
280 100 10 5 .3  195 20 .9  0 .6  89 4 5224 100 2317 102 461 9 1 2 /1 6 /7 1 /2

_________________ 160________ 100_______10________ 2 . 9 ________ 195_____ 5 6 .4  0 .6  _  372 215 _ 8 9 9 9 _ 7 8 _____  458 60________0 _________ 1 2 /1 6 /7 1 /1

5^0 1 1 .3  55 5 1 .2 + 1 .0  272+32 5163+55 499+47 189+9 # 2 7 /6 8 /5
________________________________________________ 1 0 . 7 _________ 120____ 4 7 .4 + 3 .0  _  158 39_ _  4783_358______1378 332 _ _  128 49_______ 9 /2 /6 8 /6 _

6^D 8 .1  15 71 .4 + 4 .0  1882±652 450+11 315176 0+80 8 /2 7 /6 8 /1 1
9 .0  40 5 3 .2  2 .0  323 30 3828 51 623 35 93 12 8 /2 9 /6 8 /1 1
8 .3  110 4 5 .9  2 .0  297 19 2256 39 790 30 162 10 8 /2 9 /6 8 /8

2 9 .5  200 2 8 .7  1 .0  240 6 2531 45 1730 27 235 7 8 /2 9 /6 8 /7
__________________________________________________ 8 . 9 _________ 325____ 2 3 .7  1 .0  _ 196 3 _ _  1 7 5 0 _ 4 2 ______1910 24______  103 3 _____  8 /2 9 /6 8 /3

7 'D  2 0 .0  80 4 1 .0 + 2 .0  501172 3404169 1662153 3521101 8 /2 6 /6 8 /3
8 .7  80 4 1 .0  2 .0  625 100 1119 24 524 2 3 120 37 8 /2 6 /6 8 /4

1 4 .4  150 5 0 .0  2 .0  376 40 2819 35 532 20 55 15 8 /2 7 /6 8 /9
_______________________________________________________________ 450_____ 1 9 .0  3 .0  _  200 4 _____ 4 8 7 _ 3 2 _____ 1173 16 111 3   8 /2 6 /6 8 /1  _

8^0 100-90 500 20 7 .1  100 2 7 .0 1 1 .0  2 8612 851416 7 566 7136 0 8/26 /  70/5
_________________10313______ 500______ 30________ 4 . 1 _________110_____33 .0  0 .6  _ 577 13 _ 3220 29 2100 20_________0 ________  9 /1 7 /7 0 /1

9^D 100-84 500 20 7 .1  110 5 5 .5 1 0 .7  298+6 11140178 4021190 0 8 /2 6 /7 0 /4
ÏO^D 100=84 -  "5Ü0-----------20-------------3 . 5 ------------- 1 Ï0 ------- 6 9 .5 1 Ï .Ô  ~ 4 051 Ï6" "14940+141------- 4649+Ï62 --------- 0   8/1677073 ‘

.-N3•fu

T h is  m easurem ent was made w ith  ~15 gauss a x ia l  m ag n e tic  f i e l d  a p p lie d .



APPENDIX C (c o n tin u e d )

Upper
S ta te

1 s t
P u ls e
Energy

(ev)

2nd
P u ls e
Energy

(ev)

2nd
P u ls e

D u ra tio n
(n s)

P u ls e
F a l l
Time
(n s)

D ata 
A c q u is i t io n  

R ate  
(% o f  p u ls e  

r a t e )

P re s s u re
(p-Hg)

1 s t
L ife t im e

(n s)

2nd
L ife t im e

(n s)

1 s t
E x p o n e n tia l

A m plitude

2nd
E x p o n e n tia l

A m plitude
C o n s tan t I d e n t i f i c a t i o n

33 s 84/76 500 1 .3 33 5 5 .8 + 0 .7 5659+27 1179+21 1 1 /2 0 /6 9 /5
38 6 0 .7  2 .0 2796 19 1719 18 1 1 /2 8 /6 9 /2
45 4 9 .4  0 .5 4512 16 958 11 1 1 /2 0 /6 9 /4

» 30 5 1 .4  0 .4 7926 25 604 17 1 1 /2 0 /6 9 /3
500 6 .4 100 4 2 ,1  0 .5 202±22 41200 340 5547+297 552 140 6 /1 8 /7 0 /2

150-100 500 10.1 110 43.2 1.0 18030 41 855 10 6 /2 2 /7 0 /2
100 100 90 125 5 2 .0  1 .0 9779 42 215 4 1 0 /2 0 /7 0 /1

500 1 2 .6 130 2 9 .3  3 .0 145 273 3898 547 730 103 0 520 6 /2 3 /7 0 /1
95-70 500 4 .0 180 5 2 .9  0 .6 10670 38 2014 36 1 1 /2 8 /6 9 /1

200 4 2 .6  0 .4 3650 15 30 6 8 1 1 /2 0 /6 9 /1
150-50 500 7 .6 200 4 7 .0  0 .4 13870 34 561 43 6 /2 2 /7 0 /1

240 4 1 .4  0 .3 7792 28 831 11 1 1 /2 0 /6 9 /2

53s 9 .7 35 1 0 8 .5 ± 1 .0 4134+23 185+2 8 /2 8 /6 8 /7
90-70 500 20 170 5 9 .0  1 ,0 13220 35 1207 36 9 /2 /7 0 /3

63s 0 .7 65 62.2+2 0 412±72 4189 ±4 8 556±29 224+27 9 /1 /6 8 /3
7 .1 10 72 .0  2 .0 289 72 2788 64 273 64 122 10 8 /2 8 /  8 /33
7 .4 10 72 .0  2 .0 359 85 4512 63 378 57 180 18 8 /2 8 /6 8 /3 ^
9 .8 35 77 .0  6 .0 208 31 1726 173 660 179 105 6 8 /2 8 /6 8 /6
8 .9 55 2677 16 116 2 8 /2 8 /6 8 /6

73s 1 3 .4 10 129.0+13 494+324 1308+190 396+40 28+50 8 /2 8 /6 8 /2
5 .7 13 6 3 .0  4 .0 602 154 933 35 537 25 272 57 8 /2 8 /6 8 /4
6 .4 35 1 1 2 .0  13 563 261 2173 342 1903 225 0 356 9 /1 /6 8 /2
9 .7 110 8 4 .0  4 .0 356 44 2446 131 1409 109 68 35 9 /1 /6 8 /1

S3S 140-120 500 25 115 3 3 .0 ± 1 .0 577+13 3220+29 2100+20 0 9 /1 7 /7 0 /3
90-70 500 20 145 8 4 .5  3 .0 463 38 8980 307 4964 332 100 9 /1 0 /7 0 /1
90-70 500 20 155 8 7 .0  2 .0 7703 30 587+39 9 /2 /7 0 /1

170 5 0 .0  2 .0 203 5 6956 156 6001 174 10 9 /2 /7 0 /2
93s 115-80 500 20 105 2 6 .0 + 2 .0 171+26 950+55 841±29 127±39 8 /2 6 /7 0 /6

80-70 500 20 170 36 .0  2 .0 238 5 2234 46 2591 49 10 9 /2 /7 0 /4

H»to
to



APPENDIX C (c o n tin u e d )

Upper
S ta te

1 s t
P u ls e
Energy

(ev)

2nd
P u lse
E nergy

(ev)

2nd
P u lse

D u ra tio n
(n s )

P u ls e
F a l l
Time
(n s)

D ata  
A c q u is i t io n  

R ate  
(% o f  p u ls e  

r a t e )

P re s s u re
(p-Hg)

1 s t
L ife t im e

(n s )

2nd
L ife t im e

(ns)

1 s t
E x p o n e n tia l

A m plitude

2nd
E x p o n e n tia l

A m plitude
C o n s ta n t I d e n t i f i c a t i o n

23p 60 30 500 <20 1 6 .5 25 124±9 727140 106718 6 /2 0 /6 9 /3
46 30 500 5 .6 33 134 2 5183 22 2214 14 2/27/69/3%
46 30 500 11 .1 33 136 0 .3 2716 19 1114 11 2 /2 7 /6 9 /3

> 40 22 500 1 0 .0 43 124 1 4004 20 520 6 1 2 /2 8 /6 7 /2
95 500 60 126 2 3511 21 2763 13 9 /1 3 /6 9 /6

110 500 9 .4 60 114 2 3579 22 2091 12 9 /1 3 /6 9 /5
50 22 500 7 .9 74 118 3 992 11 373 5 2 /2 5 /6 9 /3
38 26 500 1 0 .2 74 143 2 3199 17 771 9 2 /2 5 /6 9 /4

100 500 5 .4 92 126 1 37 39 3 3362 1 1 /6 /6 9 /1
53 30 500 1 7 .0 100 133 3 1633 13 422 7 2 /2 5 /6 9 /1
51 ■ 30 500 1 0 .8 100 135 3 1739 18 393 6 2 /2 5 /6 9 /2

90 500 1 3 .6 115 130 2 4579 23 1065 10 9 /1 3 /6 9 /1
135 500 1 0 .6 115 132 2 84 8 3 51 706 13 9 /1 1 /6 9 /4
120 500 9 .7 115 133 1 6650 28 740 10 9 /1 3 /6 9 /4
150 500 9 .8 115 135 2 3711 24 263 8 9 /1 3 /6 9 /3

90 500 9 .0 115 138 2 7354 38 2209 17 9 /1 1 /6 9 /2
41 28 500 1 6 .5 150 120 2 5861 30 1873 14 6 /2 0 /6 9 /2
44 26 500 1 7 .5 150 132 4 4929 63 1798 33 6 /2 0 /6 9 /1
36 24 500 1 3 .8 330 122 1 52 74 1 7 1543 12 2 /2 7 /6 9 /1 6
36 24 500 1 3 .5 330 123 2 4652 20 1081 9 2 /2 7 /6 9 /1
33 26 500 1 4 .8 625 123 2 6429 42 951 12 6 /2 0 /6 9 /4

43p 150 500 30 5 .5 74 1 0 5 .1 1 0 .5 9046126 20418 7 / 30 /  70 /8
90-74 500 20 6 .6 200 7 6 .7  3 .0 167110 10200 676 41561700 0 8 /1 2 /7 0 /2

S3p 120 500 30 3 .6 67 14812 6473118 547115 7 /1 1 /7 0 /2
150 500 30 4 .2 74 116 1 7751 21 367 11 7 /3 0 /7 0 /7
100-80 500 20 6 .5 135 73 4 16416 6709 568 62971588 0 8 /1 8 /7 0 /5
90-74 500 20 6 .6 200 . 72 4 158 5 7046 685 89 5 3 708 0 8 /1 2 /7 0 /3

| l l l  1 115230 33_[ |4 2 3  1 3 |

63? 115 500 30 2 .3 70 7514 577167 2318182 1323192 0 7 /1 1 /7 0 /3
150 500 30 6 .4 75 78 18 254 134 3505 1713 3919 1254 73+490 7 /3 0 /7 0 /6
100-80 500 20 7 .3 135 76 3 193 5 12520 525 939 4 2 6 5 100 8 /1 8 /7 0 /4

90-74 500 20 6 .6 210 67 10 159 16 5809 2031 12040 1942 227 121 8 /1 2 /7 0 /4

toW



APPENDIX C (c o n tin u e d )

1s t
Upper P u ls e  
S ta te  Energy
_________ (ev)

?3p

e ~ p

g3p

43d

_5£D_
63d_
73 D

70
70
70
70
60

_40

125
170

150
150

80

90

2nd
P u ls e
Energy

(ev)

150
70

100-80
90-74

150 
100-80 

_ 90:74
100-80 

_ 90 :74

125 
120 
120 

60 
48 

_ 70_ _
80
50

2nd
P u ls e

D u ra tio n
(n s )

500 
500 
500 
500 

. _500_ _

500 
500 

. _500_ _
500 

. _500_ _
90
90
90
90
90
90

_132:100_ _500_ 

132-100 500

145
80

150
150
132-100
100-80

60
90-74
60

90
90

500
500
500

90
90

500
500

P u lse
F a l l
Time
(n s)

30
30
20
20

30 
20 

_  20_  _

20 
_  20_  _

10 
10 
10 
10 
10 

_ 10_  _

15
15

_ P - .
_ 2 5 _  _

_ 25_ _

15
15
25
25
25
20
15
20
15

D ata  
A c q u is i t io n  

R ate  
(% o f  p u ls e  

r a t e )

5 .9  
3 .6
6.5
6.6

_ _ 4 .0  _ _

3 .4  
2 .3

_ _ 6 . 6  _  _

1.2  
_ 6 .6  _  _

4 .9
5 .8
5 .8
7 .8  

11.0
_ _10-5

9 .2  
2 .0

_ _ 7 .8  _ _

_ _ 8 .1  _ _ 
_ _ 7 . 0 _ _  

11.0

7 .7
7 .5
6 .2
6 .8  
7 .2
6 .6  
7 .1

P re s s u re
(y-Hg)

73 
100 
135 
210 

. _250_ _
78 

135 
. _ 210_ _

135 
.  _210_ _

15
29
40
61
90

.  _160_ _
65
86

_ 92_ _

. _140_ _
_ _140___

37
45
80
82

140
150
160
200
230

1 s t
L ife t im e

(ns)
86+5 
41 1 
79 3 
86 4 

_ _84 2 _

42+2 
43 2 

_ _54 2 _

56+3 
_ _44 2 _

18+1 
16 1 
15 1 
14 1 
13 1 

_ _ 5 2 _

40±2 
24 1 

_ _24 1 _

_ 132+1 _

_  156-1 -

310+5 
297 6 
168 
154 
158 
170 
220 
148 
232

2nd
L ife t im e

(n s )

414+38 
528 26 
278 17 
237 11 

_ 733

291+11 
241 4 

_ 229 5 _
309+18 

_ 248 8 _
312+5 
246 2 
249 2 
203 2 
168 1 

_ 168 1 _

301+6 
200 13 
200 3

772+314

1s t  
E x p o n e n tia l 

A m plltude

3769±219 
3098 28 
5713 243 
6848 396 

.  -3540  56_ _
1507+46 
4043 74 

.  _4774 105 _
2339+85 

.  _3788 60_ _
4442+51 
4 9 /1  58 
4062 78 

10460 168 
8495 172 
649 110 _

4000+71 
1902 47 

.  _4190 80_ _

_ 13650+24_ _

_ 12550±26_ _

5423+24 
2368 13 
7559 21 

14300 427 
11050 22 
11080 2 5 

9277 
10960 20 
10520 21

2nd
E x p o n e n tia l

A m plitude

2715+234 
780 21 

300 7 260 
4803 415 

_ 1069_64 _

1654+51 
4822 84 

_ 4332_118_
1731+95 

_ 195 7_67 _

225 7+20 
3590 23 
4582 27 
5911 30 
4601 27 

_  338425 _
5250152 
1566 25 
4600 48

C o n s ta n t I d e n t i f i c a t i o n

2510+212

0
5
0
0

_ _ 0 _  _
0
0

_ _  0 _ _

0
_ _  0 _  _

500 
500 
500 
500 
500 

_ 100  _ _

803+18 
220 29 

1098 8 _

_ 544+20_

_ Z23+26_
1458+29 

494 16 
814 25 

0 370 
822 22 
478 28 
459 13 
441 17 
936 15

7 /3 0 /7 0 /5  
7 /1 1 /7 0 /4  
8 /1 8 /7 0 /3  

' 8 /1 2 /7 0 /5  
.  6 /1 8 /7 0 /1

7 /3 0 /7 0 /4  
8 /1 8 /7 0 /2  

.  8 /1 2 /7 0 /6
8 /1 8 /7 0 /1  

_ 8 /1 2 /7 0 /7
1 0 /2 1 /7 0 /5
1 0 /2 1 /7 0 /4
1 0 /2 1 /7 0 /3
1 0 /2 1 /7 0 /2

/2 1 /7 0 /1
1 0 /2 0 /7 0 /5

1 /2 5 /7 2 /2  
1 /2 5 /7 2 /3  

.  1 /30  /  72 /1

.  6 /2 3 /7 0 /3

.  6 /2 3 /7 0 /4
1 0 /1 6 /7 0 /6
1 0 /1 6 /7 0 /5

7 /2 7 /7 0 /3
7 /2 7 /7 0 /4
6 /2 3 /7 0 /5
8 /1 1 /7 0 /3

1 0 /1 6 /7 0 /1
8 /1 2 /7 0 /1

1 0 /1 6 /7 0 /3

N)-P-



1 s t
Dppor P u ls e  
S t a t e  E nergy

2nd
P uloo
Energy

2nd
P u ls e

D u ra tio n

P u ls e
P o l l
Time

D ata  
A c q u is i t io n  

R ate  
(% o£ p u ls e  

r a t e )

73 D 48 29 500 25 8 .5
^ c o n t . ) _50 _ _ 30_____ _500_ _ _ 50_ _____ 1 1 .5

83 D 190 500 30 5 .3
125 500 50 6 .3
125 500 30 8 .0
150 500 30 5 .6
150 500 30 6 .6
132-88 500 25 7 .5

93d 200 500 30 5 .8
200 500 30 7 .3

90 15 5 .0
150 500 30 2 .5
150 500 30 8 .2
115 500 30 7 .3

85 85 90 ■ 15 6 .7
104-84 500 20 6 .6
112-80 500 25 7 .7
100-80 500 20 7 .1
100-80 500 20 6 .5

65 55 90 15 6 .8
100-80 500 20 6 .9
96 500 4 .4

103d 150 500 30 7 .5
100-80 500 20 4 .8

11 3d 80 85 90 35 2 .2
60 55 90 20 1 .9

APPENDIX C (c o n tin u e d )

P ra a s u re  1 s t  2nd 1 s t
(y-Hg) L ife t im e  L if e t im e  E x p o n e n tia l  

 ____________(n s )  (n s ) ' A m plitude

2nd
E x p o n e n tia l

A m plitude
C o n s ta n t I d e n t i f i c a t i o n

270 325+4 6022+21 548+26
_300_ _ _ 246 2 _ _49 33 15_ _ _ 286 12_ _

30 57+7 624+29 745+49 2562+56 0
33 52 2 798 34 26 70 41 2704 43 50
36 49 2 675 24 3162 46 3224 49 0
76 241 6 4127 37 887+46
76 172 10 542 23 3957 286 4413 301 500

140 87 7 266 12 5 34 5 5 72 7934 594 100
184 2 10540 27 539 34

24 125±16 1707*505 1419+177 2303+187 0
28 56 3 951 70 2165 56 2881 64 0
40 60 4 1492 697 2124 71 3677 1185 0+1261
70 333 6 2313 11 4 89 12
77 73 11 287 11 1762 275 794 1 254 1320 44
80 520 9 4659 31 714 38
85 368 9 5385 42 1469 53

125 182 2 10500 32 602 40
140 53 6 275 44 3674 551 8350 156 500 471
150 189 2 9227 29 420 37
150 79 3 261 11 8189 390 6380 415 0
160 302 4 7078 24 1621 28
190 159 1 21060 33 1127 35
194 24 2 75 4 79 6 2 4 81 6698 509 1286

8778 21 1017 22

74 56+11 287+8 1014 Cl 32 7114+124 1376+32
135 64 3 251 6 6839 188 6573 222 0

20770 35 957 43

1 0 /1 6 /7 0 /2
_ 1 0 /1 6 /7 0 /l

6 /2 7 /7 0 /3
6 /2 7 /7 0 /4
6 /2 7 /7 0 /5
7 /2 7 /7 0 /5
7 /2 7 /7 0 /6
6 /2 3 /7 0 /6
8 /1 1 /7 0 /2

6 /2 7 /7 0 /1  
6 /2 7 /  7 0 / 2  

1 0 /1 6 /7 0 /7  
7 / 30 /  70 /2  
7 /2 7 /7 0 /7  
7 /  30 /  70 /1  

1 0 /1 6 /7 0 /1 0  
8 /1 9 /7 0 /1  
6 /2 3 /7 0 /7  
8 /1 1 /7 0 /1  
8 /1 8 /7 0 /7  

1 0 /1 6 /7 0 /9  
8 /1 0 /7 0 /3  

11 /30  /69  /4  
1 0 /1 6 /7 0 /8

toLn

7/ 3 0 /7 0 /3  
8 /1 8 /7 0 /6  

.  8 /1 0 /7 0 /2
1 0 /1 7 /7 0 /2
iO /1 7 /7 0 /1

190
300

63+2 
109 3

494+18 
722 102

1805+29 
2899 50

929+29 
903 56

100
0±54


