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ABSTRACT

This th e s i s  d e sc r ib e s  an a tte m p t to  ex tend  th e  b e a m -fo il te c h 

n iq u e  in to  th e  n e a r  in f r a r e d  ( l  -  2p,) „ Io n iz e d  beams o f  hydrogen, h e l i 

um, neon , and b o ro n , w ith  p a r t i c l e  e n e rg ie s  between 0 .1 5  and 1 MeV were 

produced by a  Van de G ra a ff  a c c e le r a to r .  The beam p a sse d  th ro u g h  a  th in  

carbon f o i l  which a c te d  a s  an e x c i t e r .  Subsequent d e - e x c i ta t io n  o f  th e  

atoms p ro v id ed  th e  r a d ia t io n  so u rce  f o r  t h i s  s tu d y . The beam ra d ia t io n . 

> a s  an a ly zed  w ith  a  g r a t in g  sp ec tro m e te r equipped w ith  a  v i s i b l e  l i g h t -  

b lo c k in g  f i l t e r  and a  le a d  s u l f id e  d e te c to r .  A se a rc h  was made f o r  th e  

s t ro n g e s t  in f r a r e d  l in e s  in  n e u t r a l  hydrogen, h e liu m , and neon . Ho 

em ission  l in e s  were seen  a t  th e  maximum s e n s i t i v i t y  o f  th e  equipment 

u sed . In f r a r e d  r a d ia t io n  in  th e  form  o f  a  continuum  was observed  from 

th e  e x c i t e r  f o i l .  From th e s e  experim en ts and th e o r e t ic a l ,  c a lc u la t io n s  

an upper, l im i t  t o  th e  power d e te c ta b le  from  a  b e a m -fo il  so u rce  in  th e  

n e a r  in f r a r e d  has been s e t  a t  10""13 w a t ts .  The ex p e rim en ta l p a ram ete rs  

u sed  in  th e s e  experim ents a re  p ro v id ed  a s  a  guide f o r  f u tu r e  s tu d ie s  in  

t h i s  a r e a .  A lso su g g es tio n s  f o r  improvements in  th e  .d e te c tio n  system  

and ex p erim en ta l te ch n iq u e  a re  in c lu d e d .

v i i



CHAPTER I

INTRGDUC TIOHf

Work in  th e  in f r a r e d  u s in g  th e  b e a m -fo il method [B ashkin 1568] 

as a  sou rce  began in  A ugust, 1969 , when D r. B a s i l  C u rn u tte , from Kansas 

S ta te  U n iv e r s i ty , v i s i t e d  th e  la b o ra to ry .  T ogether we s e t  up th e  f i r s t  

experim ent in  an a ttem p t t o  d e te c t  in f r a r e d  r a d ia t io n .  R e s u lts  o f  t h i s  

f i r s t  s e a rc h  can be sim ply  s t a t e d ;  no em ission  l in e s  were seen  from th e  

hydrogen o r  neon beams which were in v e s t ig a te d .  A continuum  in  th e  i n 

f r a r e d  from  th e  carbon e x c i t e r  f o i l  was o b serv ed , how ever, and a  rough 

value: f o r  a  tem p e ra tu re  o b ta in e d  from  W ien’s Law g iv es  abou t 1200°K when 

a  1-MeV, 5 pA, Hg* beam goes th ro u g h  th e  f o i l .  S ince  th e  r e l a t i v e  sen 

s i t i v i t y  o f  th e  e n t i r e  d e te c t io n  system  a s  a  fu n c tio n  o f  w avelength  i s  

n o t w e ll  known, th e  tem p e ra tu re  g iven  i s  a lm ost m ean in g less . For f o i l  

r a d ia t io n  m easurem ents, th e  f o i l s  were p la c e d  a t  45° to  th e  beam, so 

t h a t  th e y  cou ld  be view ed by a  monochromator equipped w ith  a  le a d  s u l 

f id e  (PbS) d e te c to r .  The s e n s i t i v i t y  o f  th e  d e te c t io n  system  was u s u a l

ly  n o t g r e a te r  th a n  200 p.V, which was th e  l im i t  s e t  by n o is e .

There a re  s e v e ra l  reaso n s  f o r  e x te n d in g .s tu d ie s  o f  b e am -fo il 

s p e c tr a  to  th e  n e a r  in f r a r e d  r e g io n . P robab ly  th e  most im p o rtan t i s  to  

ex tend  measurements o f  mean l iv e s  o f  e x c ite d  s t a t e s  f o r  w hich th e  beam- 

f o i l  method i s  w e ll  s u ite d ..  I n f r a r e d  l i f e t im e  m easurem ents can be u sed  

to  check m easurem ents made in  th e  v i s i b l e  and u l t r a v i o l e t . For exam ple, 

th e  mean l i f e  o f  th e  2 1P ' l e v e l  i n  He I  can be m easured b o th  by
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o b serv in g  th e  2 1P0 "* 1 1S0 t r a n s i t i o n  i n  th e  u .v .  (5 8 4 .33A) o r  th e  

2 1PQ "* 2 1S0 in  th e  i . r .  (2 0 ,5 8 lA ). There a re  many in s ta n c e s  where 

le v e ls  decay o n ly  w ith  em ission  o f  photons in  th e  i . r .  The 2 SP° le v e l  

in  He I  i s  an example where th e  o n ly  a llow ed  t r a n s i t i o n  i s  2 3P° "* 2 3Sg, 

c o rre sp o n d in g ■to  10 , 830A.

In  a d d it io n  to  t h e o r e t i c a l  i n t e r e s t  in  s tu d ie s  o f  t h i s  re g io n , 

th e r e  i s  a ls o  a  p r a c t i c a l  a p p l ic a t io n  in  a s t r o p h y s ic s . P re s e n t ly  th e re  

i s  a  s e a rc h  f o r  X l6,24o.32A o f  Boron I  in  th e  sun . A lthough th e  mean 

l i f e  o f th e  upper l e v e l  h as been m easured from  a  t r a n s i t i o n  in  th e  u .v .  

[M artinson  and B ic k e l 1970a], and t h e o r e t i c a l  c a lc u la t io n s  have been 

made f o r  th e  o s c i l l a t o r  s t r e n g th  o f  th e  in f r a r e d  l in e  [W eiss 1970], an 

ex p erim en ta l d e te rm in a tio n  would p rove v a lu a b le  in  d e te rm in in g  th e  abun- ' 

dance o f  boron in  th e  su n . A nother rea so n  f o r  p u rsu in g  in f r a r e d  beam- 

f o i l  s tu d ie s  i s  t o  s e a rc h  f o r  fo rb id d en  l in e s  and o th e r  l in e s  n o t seen  

in  co n v en tio n a l l i g h t  so u rces  as  h as been done f o r  th e  v i s i b l e  and u l 

t r a v i o l e t  [B erry  e t  a l .  1970]« For th e  above re a s o n s , th e  work begun by 

D r. C u m u tte  and m y se lf was c o n tin u e d . The o r ig i n a l  g o a l o f  t h i s  s tu d y  

was t o  o b ta in  and i d e n t i f y  1 -  2 p. in f r a r e d  s p e c tr a  from a  b e a m -fo il 

so u rc e , u s in g  s ta n d a rd  in f r a r e d  equipment and te c h n iq u e s . I t  was ex - . 

p e c te d  t h a t  m e a n - life  measurements by o th e r  in v e s t ig a to r s  would fo llo w . 

S ince  no in f r a r e d  em ission  l in e s  were o b serv ed , how ever, t h i s  pap er w i l l  

r e p o r t  th e  n a tu re  o f  th e  a tte m p t, and re le v a n t  d a ta  abou t th e  experim en

t a l  c o n d itio n s  and equipm ent t h a t  was u se d . S u g g estio n s  a re  a ls o  l i s t e d  

which may be h e lp f u l  in  any e x te n s io n  o f  th e  ex p e rim en ts . -



CHAPTER I I

INSTRUMENTATION

The r a d ia t io n  so u rce  (beam, d isch a rg e  tu b e , p y ro m ete r, e t c . )  was 

m odulated  by a  m echan ica l chopper. From th re e  chopping r a te s  a v a i la b le  

(13 , 50, and 75 H z), 75 Hz was s e le c te d  and checked by a  wave a n a ly z e r  

a t  th e  new U n iv e rs i ty  o f  A rizona  O p tic a l  S c ien ces  In f r a r e d  S tandards 

L ab o ra to ry . The chopper a ls o  p ro v id ed  a  re fe re n c e  s ig n a l  t o  a  lo c k - in  

a m p lif ie r  which synchronously  dem odulated th e  d e te c to r  o u tp u t .

The p o s i t io n  o f  th e  chopper w ith  r e s p e c t  to  th e  so u rce  and sp ec 

tro m e te r  was found to  be c r i t i c a l .  The b e s t  p o s i t io n  was as  c lo se  to  

th e  so u rce  and f a r  from  th e  e n tra n ce  s l i t  as  p o s s ib le ,  so t h a t  th e  chop

p e r  8 s apertu re - d id  n o t reduce  th e  s o l id  a n g le  seen  by th e  c o l le c to r  le n s  

o r  cause e x ce ss iv e  60 Hz n o is e  i n  th e  d e te c t io n  system . I f  th e  chopper 

was o p e ra te d  c lo se  to  th e  sp ec tro m e te r e n tra n ce  s l i t ,  a  grounded s h ie ld  

p la c e d  over th e  power co rd  red u ced , b u t d id  n o t e l im in a te ,  th e  induced  

n o is e .  A s im i la r  d i f f i c u l t y  was en co u n te red  when a l t e r n a t in g  c u rre n t 

o p e ra te d  a  G e is s le r  tu b e  s o u rc e . When th e  chopper was p la c e d  c lo se  to  

t h i s  so u rc e , th e  re fe re n c e  v o lta g e  and freq u en cy  became e r r a t i c .  S u i t 

a b le  p lacem ent o f  th e  chopper e lim in a te d  th e s e  problem s as  d id  o p e ra tio n  

o f  th e  G e is s le r  tu b e s  on d i r e c t  c u r r e n t .

A f te r  p a s s in g  th ro u g h  th e  chopper, th e  r a d ia t io n  was c o l le c te d  

by a  l4  cm foca l-len g fch  g la s s  le n s  o p e ra te d  a t  f / 3 .4  and m a g n if ic a tio n  

on e . The purpose o f  th e  le n s  was to  c o l l e c t  a  la r g e r  s o l id  an g le  o f  th e

3



source  in  o rd e r  to  f i l l  th e  o p tic s  o f  th e  sp e c tro m e te r . S ince  th e  sp ec 

t r o m e te r ’s e f f e c t iv e  f-num bers range from f / 4 .3  to  f / 5 .2 , th e  system  was 

o v e r f i l l e d .  The g la s s  d id  n o t reduce  th e  u s e f u l  range o f  th e  spectrom e

t e r  b u t d id  a c t  as  a  long  w avelength  c u t - o f f  f i l t e r ,  s in c e  r a d ia t io n  

above 2 .7  p. was n o t t r a n s m it te d .  The le n s  was mounted in  a  cardboard  

tu b e  which was b o l te d  to  th e  sp ec tro m e te r h o u sin g . T h e re fo re  th e  le n s  

and sp ec tro m e te r co u ld  be t r e a t e d  as a  u n i t .

A sim ple  l e n s ,  such as  th e  one u sed  does n o t fo cu s  a l l  wave

le n g th s  a t  th e  same p o in t ,  b u t fo cu ses  th e  lo n g e r w avelengths f a r th e r  

th a n  th e  s h o r te r  w av e len g th s» S ince th e  o p t i c a l  system  was most e a s i ly  

fo cu sed  u s in g  v i s i b l e  l i g h t ,  and s in c e  p e r f e c t  ( a b e r r a t io n - f r e e )  im aging 

was n o t e s s e n t i a l  to  th e  o p e ra tio n  o f  th e  d e te c to r ,  i f  th e  in f r a r e d  

f o c a l  p o in t  was w ith in  th e  d ep th  o f  f i e l d  o f  th e  v i s i b l e  l i g h t  fo c a l  

p o in t ,  th e n  an ex tended  source  a ls o  had  an a c c e p ta b le  focus in  th e  i n 

f r a r e d .  The observed  dep th  o f  f i e l d  f o r  th e  le n s  was 5 mm. To c a lc u 

l a t e  th e  change in  f o c a l  p o in t  from  th e  v i s i b l e  to  th e  i n f r a r e d ,  th e  

t h i n  le n s  fo rm ula was u sed . D i f f e r e n t ia t in g  t h i s  fo rm ula  [L onghurst 

1968 , p .  52] g iv e s :

■ Af -  r o

where

= change in  f o c a l  p o in t

= f o c a l  le n g th  a t  X 
. °

=. "n -  n  o
= r e f r a c t iv e  index  a t  Xo
= r e f r a c t i v e  in d ex  a t  X

Af

f o

An

no
n
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U sing z in c  crown f o r  th e  g la s s  co m position , XQ = O.5889  p , X = 2  p , nQ = 

1 .5 1 7 , n  = I .U 97 [Weeust 196U, p . 1053, and f  = lUo mm, we f in d  Af =

5 .4 l  mm in c re a s e  in  f o c a l  le n g th . T h e re fo re , i t  was s u f f i c i e n t  to  u se  

X5461A from  m ercury to  focus th e  s l i t  a t  th e  f r o n t  o f  a  5 mm extended 

o b je c t  (such  as th e  beam) and make no f u r th e r  ad ju stm en ts  f o r  ob serv a

t io n s  in  th e  in f r a r e d .

In  o rd e r  t o  s e p a ra te  second, and h ig h e r -o rd e r  v i s i b l e  r a d ia t io n  

from th e  i n f r a r e d ,  a  Ho. 8? Kodak W ratten  f i l t e r  was u sed  a s  an o rd e r  

s o r t e r .  The f i l t e r ,  mounted on a  f i l t e r  w heel su p p lie d  w ith  th e  sp ec

tro m e te r ,  cou ld  be r o ta te d  ou t o f  th e  l i g h t  p a th  f o r  o b se rv a tio n s  in  th e  

v i s i b l e .  The tra n sm is s io n  p r o p e r t ie s  o f  th e  g e la t in  f i l t e r  a re  g iven  in  

P ig . 1 . The ex p e rim en ta l p o in ts  co rresp o n d  to  th e  tra n s m is s io n  o f  th e  

p rom inent l in e s  in  m ercury . The u s e f u l  ran g e  o f  th e  sp ec tro m e te r was 

0 .8  -  2 .5  p when th e  f i l t e r  was u sed .

The sp ec tro m e te r was a  s in g le  p a ss  L ittro w  mount P erk in -E lm er 

Model 210B equipped w ith  l44o  f/mm and 600 SL/xm. g r a t in g s  mounted b ack - 

to -b a c k  on a  k in em atic  mount (see  F ig . 2 ) .  In te rch an g e  betw een th e  two 

was made by a  sim ple  r o t a t i o n  o f  th e  g ra t in g  mount. Ho e f f e c t  o f  r e 

p e a te d  in te rc h an g e  on th e  w aveleng th  d i a l  c a l ib r a t io n  was n o t ic e d .  The 

600 f r / r a m  g r a t in g ,  b la z e d  a t  1 ,6  p w ith  a  range o f  O.76  -  2 .6  [i, was u sed  

f o r  a l l  v i s i b l e  and in f r a r e d  o b s e rv a tio n . The l44o  4/mm g r a t in g ,  b la z e d  

f o r  t h e .v i s i b l e ,  was u se d  f o r  a lig n m en t, ta k in g  advan tage o f  f i r s t - o r d e r  

r a d ia t io n .  A 45° m ir ro r  a t  th e  e x i t  s l i t  a llow ed  two d e te c to r s  t o  be 

p la c e d  on th e  sp ec tro m e te r  a t  one t im e . By m an ip u la tin g  th e  m ir ro r  from 

o u ts id e  th e  sp e c tro m e te r , one co u ld  sw itch  from  an e x te r n a l ly  mounted
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p h o to m u lt ip l ie r  to  an i n t e r n a l l y  mounted le a d  s u l f id e  d e te c to r .  Wave

le n g th  scan s  were made w ith  a  g ea red  d r iv e ,  l i n e a r  in  wave number, w hich 

was sy n ch ro n ized  w ith  a  s t r i p  c h a r t .  F id u c ia l  marks were p la c e d  on th e  

s t r i p  c h a r t  ev ery  4o cm**1 t o  h e lp  i d e n t i f y  th e  s p e c t r a .  The w avelength  

d i a l  and re fe re n c e  m arks were c a l ib r a te d  from  th e  in f r a r e d  spectrum  Of 

an  iro n -a rg o n  lamp to  g e t  a  d i a l  number v e rsu s  w aveleng th  g rap h . For 

t h i s  c a l i b r a t i o n ,  l i n e  i d e n t i f i c a t i o n s  w ere made by com paring th e  ob

se rv ed  l i n e s  w ith  th o se  in  th e  l i t e r a t u r e  [Rao, Humphreys, and Rank 

1966] .  I t  was im m edia te ly  a p p a ren t t h a t  th e  e x c i t a t io n  p ro c e ss  i s  an 

im p o rtan t p a ram ete r in  th e  p ro d u c tio n  o f  s p e c t r a l  l i n e s ,  i . e . ,  th e  r e l a 

t i v e  i n t e n s i t i e s  o f  c e r t a in  o b serv ed  l i n e s  were q u i te  d i f f e r e n t  from 

th o s e  re p o r te d  in  th e  r e fe re n c e  l i t e r a t u r e .

The accu racy  o f  l i n e  i d e n t i f i c a t i o n . f o r  v a r io u s  s l i t  w id ths was 

d e term ined  by u s in g  th e  le a d  s u l f id e  d e te c to r  and o b serv in g  15^6 1A o f  

m ercury  in  second o rd e r .  The r e s u l t s  a re  shown in  T able  I .

The t h e o r e t i c a l  f i r s t  o rd e r  r e s o lv in g  o f  th e  600 f/rnrn g r a t in g  i s  

4 l , l 6 o .  A t '1 .7  P-) 0.4A co u ld  t h e o r e t i c a l l y  be re s o lv e d . S ince  r e s o lu 

t i o n  i s  a l s o  a  fu n c tio n  o f  s l i t  w id th , an in d ic a t io n  o f  th e  r e s o lu t io n  

a t  v a r io u s  s l i t  w id th s  was made u s in g  s ix  m ercury l in e s  a t  1 .7  p a s  

shown in  F ig . 3 . T ab le  I I  l i s t s  r e s o lu t io n s  e s tim a te d  from  F ig . 3« F o r 

a  g iven, s l i t  w id th , th e  r e s o lu t io n  l i s t e d  a l s o  depended on. in d iv id u a l  

l i n e  i n t e n s i t i e s  and tim e  c o n s ta n ts  o f  th e  d e te c to r  and re c o rd in g  e q u ip 

m en t. The b e s t  r e s o lu t io n  o ccu rs  f o r  th e  s lo w est w aveleng th  speed , and 

a  c h a r t  speed which p roduces sym m etric t r i a n g u la r  l i n e s .

The e n t i r e  o p t i c a l  system  c o n s is te d  o f  a  q u a r tz  window on th e  

b e a m - fo i l  cham ber, a  g la s s  c o l l e c to r  l e n s ,  an o r d e r - s o r t in g  f i l t e r ,  and.
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T able I .  A ccuracy in  w avelength  d e te rm in a tio n  as 
w id th .

a  fu n c tio n  o f  s l i t

S l i t  w id th  
(mm)

D ia l D ev ia tio n  
1

W avelength e r r o r  
(A)

0 .2 0 ■ + 0 ,005

0 .5 0 0 .013 + 4

1 .00 ■<- 0 .0 3 0 -5-7

1 ,5 0 *5-0.025 -5- 6

2 .0 0 •> 0 .(^ 0 4-14

T able  I I .  R eso lu tio n  a t  1 ,7  p as a  fu n c tio n  o f  s l i t  w id th .

S l i t  w id th R eso lu tio n
(ram) (A)

0 .1 0 0 > 2

0 .466 < 22

1 .000 > 3 8

1 .500 100

2 .0 0 0 > 1 0 0
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th e  sp ec tro m e te r  g ra t in g  and m ir ro r s .  An e s tim a te  o f  th e  tra n sm is s io n  

o f  th e  e n t i r e  system  to  each d e te c to r  can be made from  th e  v a lu e s  g iven  

in  T able I I I .  The e x p e rim en ta lly -d e te rm in ed  in f r a r e d  tra n sm is s io n s  were 

found by p la c in g  th e  elem ent in  q u e s tio n  in  th e  beam p a th  o f  th e  spec

tro m e te r  u s in g  th e  prom inent m ercury l in e s  as so u rces  <, and m easuring th e  

d ecrea se  in  s ig n a l .  An average  tra n s m is s io n  f o r  th e  1 -  2p, re g io n  i s  

q u o ted . In  th e  case  o f  th e  g la s s  l e n s ,  a  q u a r te r - in c h  p l a t e  was u sed  

f o r  th e  t e s t .  The c o l l e c to r  le n s  and sp ec tro m e te r  were c o n s ta n ts  f o r  

th e  m easurem ents which were made in  a i r .  Because th e r e  a re  s ix  r e f l e c 

t io n s  in  th e  sp ec tro m e te r when th e  le a d  s u l f id e  d e te c to r  i s  u se d , th e  

t o t a l  tr a n s m itta n c e  i s  27 ± 10%. For th e  p h o to m u lt ip l ie r  th e r e  a re  two 

few er r e f l e c t i o n s , no f i l t e r  i s  u se d , th e  g r a t in g  i s  u sed  in  second o r 

d e r ,  and th e r e  i s  a  q u a r tz  le n s  in  th e  d e te c to r  mount t o  image th e  s l i t  

on to  th e  p h o to ca th o d e . Taking th e s e  changes in to  a cc o u n t, th e  t r a n s m it 

ta n c e  t o  th e  p h o to m u lt ip l ie r  i s  30 & 10%. The e r r o r  has t o  be e s tim a te d  

to  ta k e  in to  accoun t d if f e r e n c e s  in  th e  o p t i c a l  s u r fa c e s  a c tu a l ly  u sed  

and th e  v a lu e s  quo ted  in  th e , l i t e r a t u r e .  In  a d d it io n  to  th e  a b so rp tio n  

by th e  o p t i c a l  e lem en ts , a tm ospheric  a b so rp tio n  a t  1 .4 p  was o b served .

To d ecrea se  a tm ospheric  a b s o rp tio n , th e  l i g h t  p a th  was f r e q u e n tly  purged  

w ith  n i t r o g e n .

Two ty p e s  o f  d e te c to r s  were u sed  w ith  th e  sp e c tro m e te r . Photo

m u l t ip l ie r s  were mounted o u ts id e  th e  sp ec tro m e te r h o u s in g . The pho to 

m u l t ip l ie r s  were u sed  t o  check th e  o p t i c a l  a lig n m e n t, d e te c t  and i d e n t i 

fy  w ell-known b e a m -fo il l i n e s , and a llo w  a  com parison o f  th e  le a d  • 

s u l f id e  and p h o to m u lt ip l ie r s  t o  be made. An EMI B22tA w ith  a  s p e c t r a l  

re sp o n se  o f  3700 -  8000A, and an EMI 95023 w ith  a s p e c t r a l  re sp o n se  o f
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T able I I I .  T ransm issions o f  th e  o p t i c a l  com ponents.

Elem ent

T ransm ission  
o r  R e f le c t io n

............. ...................(* ) ................. Remarks

q u a r tz  window 88 1 ~ 2 (i experim ent

95 5000Aa

c o l le c to r  le n s TO 1 -  2 |i experim ent

90 5o o o ia

f i l t e r 85 1 -  2 (j. (se e  F ig . 1) 

u sed  f o r  i . r .  only-

g ra t in g TO f i r s t  o rd e r

56 second o rd e r

(m easured w ith  r e s p e c t  
to  a  m ir ro r)b

m ir ro rs 95 1 -  2 nc

90 5000Aa

H u d so n  1969? p . 2 2 1 . 

^Spex Speaker 1965 , p .  3« 

cHudson 1969) p . 35^o
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o f  3000 » 6000k  were o p e ra te d  a t  -1500 v o l t s  d .c .  The o u tp u t o f  th e  M I  

B224a went t o  a  lo c k - in  a m p lif ie r  and was d isp la y e d  on a  s t r i p  c h a r t .

The o u tp u t o f  th e  EMI 95023 went t o  an O rtec  Low N oise Preamp (Model 

101) and an O rtec  Low N oise A m p lif ie r  (Model 2 0 1 ). The a m p lif ie r  o u tp u t . 

went to  an In te r te c h n iq u e  Didac 4000 m u l t i s c a le r .

The in f r a r e d  s e n s i t iv e  le a d  s u l f id e  d e te c to r  was mounted in s id e  

th e  sp ec tro m e te r h o u s in g . O r ig in a l ly ,  th e  o u tp u t o f  th e  d e te c to r  went 

t o  a  copy o f  a  P erk in -E lm er preamp ( p a r t  n o . 112-0028) mounted in s id e  

th e  sp ec tro m e te r base  w ith  th e  power p ro v id ed  by a  P erk in -E lm er A m p lifi

e r  (Model 10 7 ). The preamp o u tp u t went t o  a. P r in c e to n  A p p lied  R esearch  

lo c k - in  a m p lif ie r  (Model HR-8 ) and was re c o rd ed  on a  s t r i p  c h a r t .  The 

. s e n s i t i v i t y ,  how ever, was l im i te d  by e x c e ss iv e  n o ise  which was shown by 

an o s c il lo sc o p e  to  be 60 Hz s ig n a ls  in  th e  pream p. The preamp was 

th e r e f o r e  abandoned in  fa v o r  o f  a  more b a s ic  b rid g e  te ch n iq u e  f o r  d e te c t 

in g  changes in  th e  r e s i s ta n c e  o f  th e  PbS c e l l  due to  in c id e n t  r a d ia t io n .

A Leeds and N orthrop  W heatstone B ridge was used  w ith  th e  d e te c to r  occu

py ing  th e  p o s i t io n  o f  th e  unknown r e s i s t a n c e .  An 8 .4  v o l t  b a t te r y  p ro 

v id e d  th e  b r id g e -o p e ra t in g  v o l ta g e . The com m ercial b r id g e  p e rm itte d  th e  

c i r c u i t  t o  be n u l le d  b e fo re  each u se  t o  th r e e  s ig n i f i c a n t  f ig u r e s  w ith  a  

ga lvanom eter. S l ig h t  d r i f t s  in  th e  n u l l  were n o ted  over long  p e rio d s  o f  

tim e (h o u rs) b u t th e s e  d r i f t s  d id  n o t i n t e r f e r e  w ith  th e  o p e ra tio n  o f  

th e  d e te c to r  even though th e  n u l l  c o n d itio n  i s  v e ry  s e n s i t iv e  to  r e s i s 

ta n c e  change

The d e te c to r  r e s is ta n c e  depended on b ia s  p o l a r i t y .  For exam ple, - 

th e  zero  b ia s  r e s i s ta n c e  o f  5 x  10s ohms was p re se rv e d  f o r  one p o l a r i t y .
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b u t in c re a s e d  to  8 x  10s ohms f o r  th e  o p p o s i te . A lthough th e  s e n s i t i v i 

t y  o f  th e  d e te c to r  in c re a s e d  w ith  th e  in c re a s in g  r e s i s t a n c e ,  th e  n o ise  

o u tp u t s im i la r ly  in c re a s e d . The low er r e s i s ta n c e  p o la r i t y  was th e re fo re  

u sed  f o r  a l l  m easurem ents. The b rid g e  o u tp u t was connected  d i r e c t l y  to  

th e  lo c k - in  a m p lif ie r  o p e ra te d  in  th e  d i f f e r e n t i a l  mode. D iffe re n c e s  in  

th e  two s id e s  o f  th e  b r id g e  were th e re b y  a m p lif ie d  in  phase w ith  th e  

m odulated r a d ia t io n .  The tw in  s h ie ld e d  cab le  which c a r r ie d  th e  d e te c to r  

o u tp u t was grounded on ly  a t  th e  b r id g e  to  d isco u rag e  ground loop cu r

r e n t s .  The system  p ic k ed  up v e ry  l i t t l e  n o is e  a s  long  as  power cab le s  

were k e p t away from  th e  b r id g e  b a t te r y .  A lthough th e  sp e c tro m e te r’s 

m o to rized  w aveleng th  d r iv e  added n o is e  t o  th e  system , i t  d id  so a t  a  

to le r a b le  l e v e l .

The n o ise  o u tp u t from th e  a m p lif ie r  cou ld  be reduced  by a d ju s t 

in g  th e  preamp AC b a lan ce  and in c re a s in g  th e  Q, v a lu e . An o s c il lo sc o p e  

i s  a  v a lu a b le  aid. f o r  e v a lu a tin g  and re d u c in g  n o is e .  On a  s t r i p  c h a r t ,  

n o is e  ap peared  a s  random f lu c tu a t io n s  dependent on th e  tim e  c o n s ta n t 

and r o l l - o f f  r a t e  (amount o f  s ig n a l  f i l t e r i n g )  in  a d d i t io n  t o  th o se  

p a ram ete rs  p re v io u s ly  d is c u s se d . A 12 d b /o c tav e  r o l l - o f f  r a t e  and 

300 msec -  one sec  tim e c o n s ta n ts  k ep t n o is e  e x cu rs io n s  t o  a  minimum 

w ith o u t s ig n i f i c a n t ly  su p p re ss in g  th e  s ig n a l .  W ith th e  above-m entioned 

improvements in  c i r c u i t r y ,  th e  s e n s i t i v i t y  im proved by a  f a c to r  o f  1)0 0 . 

The s p e c i f ic a t io n s  and o p e ra tin g  p a ram ete rs  f o r  th e  PbS d e te c t io n  system  

a re  l i s t e d  in  Appendix A.

From th e  S p e c if ic a t io n  C la r i f i c a t i o n  f o r  th e  PAS lo c k - in  am pli

f i e r ,  a  c a lc u la t io n  o f  th e  minimum d e te c ta b le  s ig n a l  o f  32 .6  nV was made.
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T his c a lc u la t io n  ap p ears  in  Appendix B. In  p r a c t i c e ? th e  minimum d e te c 

t a b le  s ig n a l  was found to  be 100 nV and was n o ise  l im i te d .  I f  a  room 

tem p e ra tu re  s p e c t r a l  re sp o n se  (R^, v o l t s /w a t t )  o f  10* v o l t s /w a t t  i s  

assumed f o r . t h e  PbS c e l l  ( th e re  i s  d isag reem ent in  th e  l i t e r a t u r e  about 

t h i s  f ig u r e ;  v a lu e s  a re  quo ted  from 4 x 103 t o  10s ) ,  th e n  th e  a m p lif ie r  

l im i te d  minimum d e te c ta b le  power i s  3 .26  x  10“12 w a t t s ,  o r  abou t 2 x  107 

p h o to n s /se c  a t  X 1 .5  jj, in c id e n t; on th e  d e te c to r .  U sing 30$ f o r  th e  

tra n s m itta n c e  o f  th e  o p t ic s  and 0 .068  s r  f o r  th e  le n s  s o l id  accep tance  

an g le  (Appendix A ), one f in d s  ap p ro x im ate ly  1010 p h o to n s /se c  r a d ia te d  in  

a l l  d i r e c t io n s  a re  r e q u ire d  to  produce t h i s  minimum s ig n a l .

A d e te c to r  l im ite d  minimum d e te c ta b le  power o r  n o is e  e q u iv a le n t 

power (HEP) can be c a lc u la te d  from th e  s p e c t r a l  s e n s i t i v i t y  (D , 

cm /H z /w a tt)  i f  i t  i s  known f o r  a  p a r t i c u l a r  d e te c to r . At 75 Hz, a  ty p 

i c a l  D* i s  8 x  1010 cm /H z /w a tt [Hudson 1969 , p . 365] .  The c a lc u la t io n  

in  Appendix C shows t h a t  th e  HEP i s  5 .1  x  10”3-3 w a tts  o r  about 4 x  10s 

p h o to n s /se c  a t  X l,5y . in c id e n t  on th e  d e te c to r .  Assuming th e  same spec

t r a l  r e s p o n s iv i ty  as u sed  above, 5 .1  x  io  v o l t s  i s  th e  d e te c to r  lim 

i t e d  s ig n a l .  T h e re fo re :th e  d e te c t io n  system  was t h e o r e t i c a l l y  a m p lif ie r  

l im i te d  t o  about 3 x  10”13 w a tts  a t  th e  d e te c to r  o r  101-0 p h o to n s /se c  

(1 . 511) r a d ia te d  by th e  beam. In  p r a c t ic e  one must b e a r  in  mind th e  

n o is e  v o lta g e  o f  th e  PbS d e te c to r  i t s e l f  was o f  th e  o rd e r  o f  10~s v o l t s .  

T h ere fo re  th e  a b i l i t y  o f  th e  a m p lif ie r  t o  e x t r a c t  a  s ig n a l  b u r ie d  in  th e  

d e te c to r  n o ise  s e t s  a  p r a c t i c a l  l im i t  t o  th e  minimum d e te c ta b le  power

somewhat above th e  c a lc u la te d  v a lu e s . .
*  .

D e te c to r  c h a r a c t e r i s t i c s  such as  D , R^, th e  tim e  c o n s ta n t ,  th e  

optimum m odulation  freq u en cy , and th e  optimum b ia s  can be e x p e r im e n ta lly
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determ ined  w ith  a  500®K blackbody and a  v a r ia b le  speed chopper u sed  in, 

c o n ju n c tio n  w ith  s ta n d a rd  t e s t  equipm ent [Hudson 1969, C hap t. 9 ] .  S ince  

th e  b lackbody and chopper were n o t a v a i la b le  in  th e  la b o ra to ry ,  two 

t e s t s  in d ic a t iv e  o f  th e  e n t i r e  d e te c t io n  system ’s s e n s i t i v i t y  were made. 

(The U n iv e rs ity  o f  A rizona  O p tic a l  S c ien ces  In f r a r e d  S tan d a rd s  Labora

to r y  has o f f e re d  to  c a l i b r a t e  our PbS d e te c to r  when th e y  become opera

t i o n a l )  .

A GE3QAT24 Ribbon F ilam en t Pyrom eter (#431-?-576 , t r a c e a b le  to  

th e  n a t io n a l  Bureau o f  S tan d a rd s) o p e ra te d  a t  1850®K (2 2 .7  amps d .c . )  

p ro v id ed  th e  s p e c t r a l  s e n s i t i v i t y  curve f o r  th e  e n t i r e  d e te c t io n  system . 

T h is curve i s  shown in  F ig . 4 , a long  w ith  th e  curve f o r  an l850°K b la c k 

body. Ho a ttem p t has been made t o  c o r r e c t  th e  b lackbody curve f o r  th e  

e m is s iv i ty  o f  th e  tu n g s te n  f i la m e n t .  The d ip  in  th e  ex p e rim en ta l curve 

a t  l . l f p ,  i s  b e lie v e d  t o  be a  p ro p e r ty  o f  th e  g ra t in g .  A s im ila r  d ip  has 

been n o ted  f o r  a  600  t/mm 1 .6 p  b la z e d  g r a t in g  a t  The U n iv e rs i ty  o f  A r i

zona Lunar and P la n e ta ry  L ab o ra to ry  [F ink  1970] .

A com parison o f  PbS and  p h o to m u lt ip l ie r  s e n s i t i v i t i e s  i s  shown 

in  F ig . 5 . In  each  case  2 mm s l i t s  were u se d , A s e n s i t i v i t y  o f  10 mV 

was re q u ire d  f o r  th e  p h o to m u lt ip l ie r  w h ile  10 y.V s e n s i t i v i t y  was u sed  

f o r  th e  PbS d e te c to r .  The o u tp u t s ig n a ls  from b o th  d e te c to r s  were p ro 

c e ssed  by th e  same e l e c t r o n i c s . The a p p a ren t f a c to r  o f  1000 d if f e r e n c e  

in  s e n s i t i v i t y  must ta k e  in to  account th e  d ecrea se  o f  PbS s e n s i t i v i t y  in  

th e  v i s i b l e  re g io n  o f  th e  spectrum .

A s ta n d a rd  t e s t  f o r  th e  a lignm en t and s e n s i t i v i t y  o f  th e  PbS de

t e c t i o n  was d ev ised  in  c o n ju n c tio n  w ith  th e  a lignm en t o f  th e  e l l i p s o i d a l
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m irro r  in  f r o n t  o f  th e  

ap pear in  Appendix D.
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.d e te c to r . The re le v a n t  p a ram ete rs  f o r  t h i s  t e s t



CHAPTER I I I

EXPERIMENTS

Three experim ents a re  d e sc r ib e d  in  t h i s  s e c t io n .  Two in v o lv e  

carbon f o i l  r a d ia t io n  which was observed  in  th e  e a r ly  work. The t h i r d  

d e sc r ib e s  o b se rv a tio n  o f  b e a m -fo il r a d ia t io n .

The f i r s t  carbon f o i l  r a d ia t io n  o b se rv a tio n s  were made w ith  ap

p a ra tu s  s im i la r  t o  t h a t  shown in  F ig . 2 w ith  th e  e x cep tio n  t h a t  f i l t e r s  

and p h o to m u lt ip l ie r s  were n o t u se d . S ig n a l p ro c e ss in g  was done as  de

s c r ib e d  in  th e  In s tru m e n ta tio n  c h a p te r  b e fo re  th e  preamp was re p la c e d . 

The carbon f o i l s  were e x c ite d  by hydrogen and neon beams w ith  e n e rg ie s  

betw een 0.15G and 1 MeV", p roduced by a  Van de G ra a ff  a c c e le r a to r .  The 

t a r g e t  chamber was ev acu a ted  t o  lO”*6 t o r r . . Carbon f o i l s  a t  45° t o  th e  

beam were view ed d i r e c t l y  w ith  s l i t  w id th s ran g in g  from  2 mm t o  0 ,5  im . 

C u rre n ts  v a r ie d  from le s s  th a n  1 p,amp to  18 yamps.

A p o r t io n  o f  th e  r a d ia t io n  continuum  observed  w ith  0 .5  mm s l i t s  

from a  carbon f o i l  in t e r a c t in g  w ith  150 keV p a r t i c l e s  i s  shown in  

F ig .  6 .  A dependence o f  i n t e n s i t y  on beam c u rre n t i s  im m ediate ly  ap p ar

e n t from th e  two c u rv e s . The t o t a l  e x te n t  o f  th e  r a d ia t io n  i s  n o t known 

s in c e  th e  sp ec tro m e te r co u ld  n o t scan  above 2 .6 y , how ever, th e  sh o r t 

w avelength  end was observed  to  be 1.6p,. The d e t a i l  in  th e  two curves 

beyond 2 .5 5 ^  was shown by subsequent o b se rv a tio n s  t o  be a  c o in c id en c e . 

The rea so n  f o r  th e  d ip  a t  2 .2 y  i s  n o t known. The d e te c t io n  system  does 

n o t e x h ib i t  t h i s  d ip  in  th e  o p t i c a l  py rom eter (s ta n d a rd  lamp) spectrum .

20 . '
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F ig u re  4 shows t h i s  spectrum  o u t t o  Sp,, how ever? th e  e x p e rim en ta l curve 

co n tin u ed  to  2.6p, w ith o u t th e  appearance o f  th e  d ip .

Ho em ission  l in e s  were d e te c te d  from  e i th e r  elem ent u sed . The 

f o i l  r a d ia t io n  was n o t o f  m ajor concern so t h a t  f u r th e r  s tu d ie s  o f  i t  

were n o t made.

To av o id  f o i l  r a d ia t io n  and in c re a s e  th e  amount o f  r a d ia t io n  

re a c h in g  th e  d e te c to r ,  th e  sp ec tro m e te r was removed from th e  o p t i c a l  

system . A re d  g la s s  f i l t e r  to  c u t o f f  r a d ia t io n  below 6000A was th e  

on ly  o p t i c a l  elem ent o th e r  th a n  th e  c o l le c t in g  l e n s . W ith ex p erim en ta l 

c o n d itio n s  as  b e fo re , hydrogen, b o ro n , and neon beams were p a ssed  

th ro u g h  carbon f o i l s  ( in  th e  norm al p o s i t i o n ) . By moving th e  f o i l  h o ld 

e r ,  th e  beam co u ld  be view ed from  6 cm downstream from th e  f o i l  t o  1 cm 

upstream  from  th e  f o i l .  The beam co u ld  be q u ic k ly  removed from  th e  

chamber by c lo s in g  th e  chamber-beam p ip e  v a lv e . A dependence o f  th e  

r a d ia t io n  observed  on beam c u rre n t and f o i l  d is ta n c e  was e s ta b l is h e d .  

A lthough d i f f e r e n t  e n e rg ie s  were u sed  and no energy  dependence was n o te d , 

th e  p o s s i b i l i t y  o f  an energy  dependence i s  n o t ru le d  o u t .  The v a r ia t io n  

o f  i n t e n s i t y  w ith  d is ta n c e  from th e  f o i l  appeared  to  fo llo w  an in v e rse  

sq u are  law r a th e r  th a n  th e  e x p o n e n tia l decay expec ted  o f  moving r a d ia 

t o r s .  However, such an e x p o n e n tia l decay co u ld  n o t re a so n a b ly  be ex

p e c te d  to  predom inate  when a l l  w avelengths a re  observed  a t  once. The 

c u r re n t  appeared  to  be th e  most im p o rtan t p a ram ete r f o r  th e  r a d ia t io n  

o b serv ed . F or c u rre n ts  l e s s  th a n  a  microamp, r a d ia t io n  was u s u a l ly  n o t 

o b serv ed . The decay tim e  (p e a k - to -z e ro  in te n s i ty )  o f  th e  r a d ia t io n  when 

th e  beam was removed from  th e  chamber was th e  most im p o rtan t in d ic a t io n
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o f th e  n a tu re  o f  th e  r a d i a t i o n . I f  th e  r a d ia t io n  e n te r in g  th e  s p e c tro 

m eter was s to p p ed  by means o f  a  s h u t te r  in  th e  l i g h t  p a th ,  a  decay tim e 

o f  s ix  seconds was m easured. I t  shou ld  be n o ted  t h a t  th e  r i s e  tim e i s  

h a l f  t h i s  v a lu e . Presum ably th e  decay tim e i s  la r g e r  because  o f  s ig n a l 

g e n e ra te d  n o ise  in  th e  d e te c to r .  However, removing th e  beam from th e  

chamber in c re a s e d  th e  decay tim e by a  f a c to r  o f  te n  a s  shown in  F ig . 7 . 

T h is  s ig n i f i c a n t ly  lo n g e r  decay tim e showed f o i l  r a d ia t io n  to  dom inate 

even a t  6 cm from th e  f o i l  a s  in  th e  case  o f  F ig . 7 . In  most c a s e s , no 

v i s i b l e  glow ing o f  th e  f o i l  was seen  w ith  th e  u n a id ed  ey e . The la r g e r  

f lu c tu a t io n s  o b served  when th e  beam i s  p re s e n t  a re  due to  beam f lu c tu a 

t i o n s .  S ix  p e r  c en t beam c u r re n t  f lu c tu a t io n s  were common. Care was 

ta k en  to  s h ie ld  th e  f o i l  from  view in  subsequen t e x p e rim en ts .

The i n a b i l i t y  t o  observe  beam o r ie n te d  r a d ia t io n  was n o t co n s id 

e re d  p ro o f  t h a t  none was o b serv ab le  s in c e  improvements in  th e  e le c t r o n 

ic s  had  n o t y e t  been made .

The ex p e rim en ta l arrangem ent f o r  th e  b e a m -fo il s tu d ie s  i s  shown 

in  F ig . 2 .  The b e a m -fo il  chamber was ev acu a ted  to  2 x  10"5 t o r r .  A r o 

t a t i n g  f o i l  w heel a llow ed  changing th e  10 -  100 p. gm/cma carbon e x c i t e r  

f o i l s  a s  th e y  b ro k e . ' A F araday  cup m on ito red  th e  beam c u r r e n t . The 

v iew ing window was q u a r tz  and th e  o p p o s ite  window was p l e x i g l a s . The 

l a t t e r  window a llow ed  th e  in tro d u c t io n  o f  a  t e s t  spectrum  in to  th e  sp ec 

tro m e te r  w h ile  th e  chamber was in  u s e .  Beams u sed  were produced by a  

Van de G ra a ff  a c c e le r a to r  and mass an a ly zed  by a  magnet b e fo re  e n te r in g  

th e  chamber. F u r th e r  i d e n t i f i c a t i o n  o f  th e  beam was made from  th e  v i s i 

b le  spectrum  o f  th e  r a d ia t io n  beyond th e  f o i l .
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The a lignm ent p ro ced u re  f o r  th e  sp ec tro m e te r w ith  re s p e c t  t o  th e  

beam and t a r g e t  chamber w i l l  be d e sc r ib e d  h e re . B efore ev acu a tio n  o f  

th e  t a r g e t  chamber, th e  q u a r tz  window was removed to  p e rm it access  to  

th e  f o i l  w heel. - The p h o to m u lt ip l ie r  assem bly was removed and a  m ercury 

lamp p u t in  i t s  p la c e ,  A ro n c h i r u l in g  was p la ce d  a t  th e  e x i t  s l i t  so  

t h a t  th e  image o f  th e  e n tra n ce  s l i t  co u ld  e a s i ly  be fo cu sed  in  th e  ta r~  

g e t  chamber on to  a  tu b e  o f  w h ite  pap er th e  s iz e  and shape o f  th e  beam, 

which was p la c e d  in  th e  f o i l  h o ld e r . The s l i t  image was fo cu sed  on th e  

le a d in g  edge o f  th e  tu b e  to  in s u re  th e  p ro p e r focus o f  th e  in f r a r e d  

r a d ia t io n  as  ex p la in ed  in  th e  In s tru m e n ta tio n  s e c t io n .  To in s u re  p ro p e r  

o p e ra tio n  o f  th e  d e te c to r  a t  t h i s  p o in t ,  a  m ercury lamp re p la c e d  th e  

p ap er t a r g e t  and th e  d e te c to r  was t e s t e d  acco rd in g  to  th e  p rocedu re  in  

Appendix D. The lamp was th e n  p la c e d  b eh in d  th e  p le x ig la s  window and 

th e  new peak  s ig n a l  was u sed  to  check th e  a lig n m en t”and o p e ra tio n  o f  th e  

e n t i r e  system  d u rin g  b e a m -fo il o b s e rv a t io n s .

The i n t e n s i t y  o f  th e  b e am -fo il so u rce  a t  a  d is ta n c e  x downstream 

from  th e  e x c i t e r  f o i l  i s  p ro p o r t io n a l  t o  exp ( - x / t v )  [B ic k e l 1967] ,  

where T i s  th e  mean l i f e  in  seconds o f  th e  e x c ite d  l e v e l  o f  th e  atom 

under s tu d y , and v  i s  th e  v e lo c i ty  in  cm /sec o f  th e  e m itt in g  atom . F or 

mean l iv e s  o f  th e  o rd e r  o f  ICf8 sec  and v e lo c i t i e s  o f  th e  o rd e r  o f  108 

em /sec, th e  i n t e n s i t y  i s  p ro p o r t io n a l  t o  exp ( - x ) . The d is ta n c e  x = 0 .5  

cm was chosen as  the: p o s i t io n  f a r  enough from  th e  beam t o  av o id  f o i l  

r a d ia t io n ,  y e t  c lo se  enough to - o b ta in  a  la rg e  amount o f  beam r a d ia t io n .  

S in ce  th e  m a g n if ic a tio n  o f  th e  c o l le c to r  le n s  was 1 , th e  a re a  o f  th e  . 

beam view ed a t  x  -  0 .5  cm was eq u a l t o  th e  s l i t  w id th  u se d .



■ ■ ' ■ 26 

F ig u re  8 shows th e  r e s u l t s  o f  a c c e le r a t in g  He* to  175 keV and 

o b serv in g  th e  beam w ith  an. EMI.9502S p h o to m u lt ip l ie r  w ith  a  m u l t is c a le r  

re a d -o u t o A 1 ,8  sxamp beam e n te re d  th e  cham ber. S ix  l i n e s  in  th e  v i s i 

b le  spectrum  o f  helium  were observed  w ith  2 mm s l i t s .  The PbS d e te c to r  

re c o rd ed  no r a d ia t io n  e i t h e r  in  th e  v i s i b l e  o r  in f r a r e d  re g io n  o f  th e  

spectrum , A maximum s e n s i t i v i t y  o f  100 riV was u sed  and th e  system  was 

checked w ith  th e  m ercury t e s t  lamp d u rin g  th e  ex p erim en t. Slow scans 

f o r  e ig h t  known in f r a r e d  helium  l in e s  were made w ith o u t r e s u l t » The 

helium  p h o to m u lt ip l ie r  r e s u l t s  were re p e a te d  w ith  a  2 ,5  pamp beam. 

A nother s e a rc h  f o r  th e  known helium  i . r .  l i n e s  re v e a le d  n o th in g .

An a tte m p t t o  d e te c t  r a d ia t io n  from  175 keV hydrogen f a i l e d  even 

though Hg and Hy were observed  w ith  th e  p h o to m u lt ip l ie r .  A lthough a  

v i s i b l e  beam co u ld  be seen  w ith  th e  u n a id ed  b u t d a rk -a d ap ted  eye , was 

n o t d e te c te d  w ith  th e  PbS d e te c to r ,  A sea rc h  fo r  members o f  th e  Paschen 

s e r i e s  a ls o  y ie ld e d  no r e s u l t s .

The i n a b i l i t y  t o  see  hydrogen o r  helium  s p e c tra  in  th e  in f r a r e d  

re g io n  p la c e s  ^  l im i t  t o  th e  d e te c t io n  c a p a b i l i t i e s  o f  th e  system  u se d . 

The a b i l i t y  t o  d e te c t  th e  v i s i b l e  spectrum  w ith  a  p h o to m u lt ip l ie r  demon

s t r a t e s  th e  a b i l i t y  o f  th e  o p t i c a l  system  to  do b e a m -fo il work. The 

b r i e f  s tu d ie s  o f  th e  carbon f o i l  r a d ia t io n  have r a i s e d  q u e s tio n s  which 

may be o f  i n t e r e s t  t o  in v e s t ig a to r s  o f  th e  b e am -fo il i n t e r a c t io n .
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CHAPTER IV

CONCLUSION

The c a p a b i l i ty  o f  th e  p re s e n t  i . r .  d e te c tio n  system  to  do t r a d i 

t i o n a l  in f r a r e d  sp ec tro sco p y  has been d em onstra ted . This s e c t io n  w i l l  

e v a lu a te  th e  e x ten s io n  o f  th e  b e a m -fo il method in to  th e  n e a r  in f r a r e d .

In  th e  ex p e rim en ts , an a ttem p t to  d e te c t  Paschen or (X l.8751 p,) 

in  hydrogen (n = 4 to  3 ) f a i l e d .  The i n a b i l i t y  to  d e te c t  t h i s  p o ten 

t i a l l y  s t ro n g e s t  l i n e  p la c e s  a  l im i t  on th e  d e te c ta b le  power from any 

s in g le  l in e  from a  b e am -fo il so u rc e . In  th e  experim en t, 6 tramps o f  175 

keV Hg+ w^re u sed . An e s tim a te  o f  107 e x c i ta t io n s  o f  th e  4p le v e l  in  

H I  p e r  jirmp beam p e r  second has been made from lyman Y (n = 4 t o  l )  

measurem ents [Andra 1970]. U sing t h i s  number, th e  i n i t i a l  number o f  

atoms/cm3 in  th e  4p le v e l  (N^p) i s  o b ta in e d . N ote, how ever, t h a t  on ly  

two o f  th e  f iv e  t r a n s i t i o n s  which compose Paschen <x a r i s e  from th e  4p 

l e v e l .  The power d e te c te d  from Paschen or a t  a  d is ta n c e  x cm from th e  

f o i l  i s  g iven  by

l ( x )  = k  N^p (Aj^pgg + exp ( - “ ^p - )  s m h  —

[B ic k e l 1967]

where k i s  th e  t o t a l  e f f ic ie n c y  o f  th e  o p t i c a l  system  and d e te c to r ,  

(A^p^g + i s  th e  t o t a l  t r a n s i t i o n  p r o b a b i l i ty  f o r  th e  two t r a n s i 

t io n s  under s tu d y , X i s  th e  w avelength  o f  th e  r a d i a t i o n , or^p i s  th e  sum

28
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o f  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  a l l  t r a n s i t i o n s  from  th e  Up l e v e l  

(see  F ig . 9)» v  i s  th e  v e lo c i ty  o f  th e  beam in  cm /sec , 5 i s  h a l f  th e  

le n g th  o f  th e  beam view ed by th e  sp e c tro m e te r , and a  i s  th e  c ro ss  s e c 

t i o n a l  a re a  o f  th e  beam. The d e t a i l s  o f  th e  c a lc u la t io n  a re  in  Appendix 

E , which shows 3 .58  x  10™3-7 w a tts  o r  330 p h o to n s /se c  would t h e o r e t i c a l l y  

be d e te c te d . A lthough o n ly  two o f  th e  t r a n s i t i o n s  re s p o n s ib le  f o r  p ro 

d uc ing  Paschen or were u sed  f o r  t h i s  c a lc u la t io n ,  th e  v a lu e  quo ted  sh o u ld  

be c lo se  t o  th e  t r u e  v a lu e  s in c e  S and p le v e l s  have been observed  t o  be 

o v e rp o p u la ted  a t  low e n e rg ie s  in  th e  b e a m -fo il  e x c i t a t io n  p r o c e s s . [Yager 

1969] .  From th e  c a lc u la te d  d e te c to r  l im i te d  minimum d e te c ta b le  power o f  

5 x  10"1-3 w a tts  (Appendix C ), i t  i s  obvious t h a t  Paschen or i s  beyond th e  

ran g e  o f  d e te c t io n .

In  re c e n t  y e a rs  s e v e ra l  methods o f  in c re a s in g  th e  d e t e c t i v i t y  o f  

a  d e te c to r  have become a v a i l a b le .  Among th e s e  a re  th e  u se  o f  coo led  

wide band f i l t e r s  and co o led  a p e r tu re s  f o r  th e  re d u c tio n  o f  background 

r a d ia t io n  in c id e n t  on th e  d e te c to r ,  and c o o lin g  th e  d e te c to r  t o  d ec rea se  

d e te c to r  n o is e .  E x te rn a l  n o is e  p ickup  has been reduced  by c o o lin g  th e  

d e te c to r  preamp as w e l l .  A t b e s t ,  such te ch n iq u es  p ro v id e  an a d d i t io n a l  

o rd e r  o f  m agnitude in  d e t e c t i v i t y .  S t a t e - o f - t h e - a r t  PbS d e te c to r s  now 

have an BEP o f  10™3-4 w a tts  [M artin  1966 , p .  2 6 ; B ran caz ia  and Cameron 

1968 , p .  4 5 ] . These d e te c to r s  a re  c l e a r ly  n o t good enough f o r  th e  low 

le v e ls  o f  power en co u n te red . Only s in g le  photon  co u n tin g  d ev ice s  would 

be o f  v a lu e  h e re  and none a r e  p re s e n t ly  a v a i la b le  f o r  w avelengths lo n g e r 

th a n  1.3m-.

A nother e s tim a te  o f  th e  p o t e n t i a l  o f  th e  b e a m -fo il so u rce  f o r  .

i . r .  s tu d ie s  can be made from an e s tim a te  o f  th e  beam c u r re n t  needed t o
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j u s t  d e te c t  X 1 .083 p. (2 3Pl “* 1 3S1 ) in  He I ,  u s in g  a  d e te c to r  w ith  an 

NEP o f  lO""14 w a t ts .  The ex p erim en ta l p a ram ete rs  a re  assumed th e  same as 

in  th e  case  o f  hydrogen excep t th a t  300 keV energy  i s  u sed . In  t h i s  

case  th e  i n te n s i ty  i s  known and th e  number o f  p a r t ic le s /c m 3 in  th e  2 3P1 

l e v e l  i s  t o  be found and co n v erted  in to  a  beam c u r r e n t . The c a lc u la t io n  

in  Appendix F shows a  5*2 x  10""3 pnmp beam i s  needed i f  one assumes 20% 

o f  th e  o r ig in a l  He* beam was e x c ite d  in to  th e  2 3P1 l e v e l  a f t e r  p a ss in g  

th ro u g h  th e  f o i l .  T h is  i s  d e f in i t e ly  n o t th e  c a s e , so t h a t  th e  a c tu a l  

c u r re n t needed may be many o rd e rs  o f  m agnitude h ig h e r .

In  th e  case  o f  X 1.083 p. i s  He I ,  th e re  i s  a  p o s s i b i l i t y  o f  in 

c re a s in g  th e  beam c u r re n ts  u sed  (2 .5  pamps i s  common). In  a d d i t io n ,  an 

o p t i c a l  system  u s in g  few er e lem ents cou ld  be u sed  t o  in c re a s e  th e  amount 

o f  r a d ia t io n  re a ch in g  th e  d e te c to r .  A vacuum in s tru m e n t, w ith  th e  g r a t 

in g  as th e  on ly  e lem en t, connected  d i r e c t l y  to  th e  t a r g e t  chamber cou ld  

in c re a s e  th e  r a d ia t io n  a t  th e  d e te c to r  by 30%. A b y -p ro d u ct o f  an a l l  

vacuum system  i s  th e  e lim in a tio n  o f  a tm ospheric  a b so rp tio n . To in c re a se  

th e  r a d ia t io n  e n te r in g  th e  sp ec tro m e te r s l i t  by a  f a c to r  o f  2 , a  fo c u s 

in g  m ir ro r  cou ld  be p la c e d  o p p o s ite  th e  s l i t  t o  double th e  s o l id  an g le  

o f  th e  beam seen  by th e  sp e c tro m e te r . W ith th e s e  changes, i t  may be 

p o s s ib le  t o  d e te c t  X 1.083  p. w ith  a  s t a t e - o f - t h e - a r t  PbS d e te c to r .  How

e v e r , a  p h o to m u lt ip l ie r  w ith  an 3 -1  re sp o n se  sho u ld  be a b le  to  d e te c t  

t h i s  l in e  w ith  th e  p re s e n t  a p p a ra tu s .

From th e  above c a lc u la t io n s ,  th e  maximum power r a d ia te d  by th e  

b e a m -fo il sou rce  b u t n o t d e te c te d  by th e  system  used  i s  th e  a m p lif ie r  

l im i te d  power o f  3 .3  x  10”12 w a t ts .  The Paschen of c a lc u la t io n  a ls o



shows t h a t  t h i s  v a lu e  cou ld  be as  much as 5 o rd e rs  o f  m agnitude to o  

h ig h . U n t i l  th e  d e t e c t i v i t y  o f  th e  PbS c e l l  u sed  i s  known, a  b e t t e r  

e s tim a te  o f  th e  m agnitude o f  b e a m -fo il i . r .  r a d ia t io n  can n o t be made.



APPENDIX A

INFRARED INSTRtMENIATION

S ig n a l M odulator,;

P r in c e to n  A pp lied  R esearch  M echanical L ig h t Chopper Model BZ=1, 

S e r i a l  298 , two b la d e s , 75 Hz.

S ig n a l P ro c e ss in g ;

P r in c e to n  A p p lied .R esearch  P re c is io n  L ock-in  A m p lif ie r  Model 

HR-8 , S e r i a l  1291? Preamp %rpe A o p e ra te d  in  th e  d i f f e r e n t i a l  

(A-B) mode; s e le c t iv e  e x te r n a l  re fe re n c e  mode w ith  re fe re n c e  

freq u en cy  and re fe re n c e  a t te n u a t io n  o p e ra ted  f o r  2 v o l t  r e f e r 

ence s ig n a l ;  300 msec o r  1 sec  tim e c o n s ta n t a t  12 d b /o c tav e  

r o l l - o f f  r a t e ; phase  and freq u en cy  t r im  o p e ra ted  f o r  peak s ig n a l  

s ig n a l  Q 10-25  f o r  l e a s t  n o ise  in te r f e r e n c e ;  maximum s e n s i t i v i t y  

200  nV (n o ise  l im i t e d ) .

S ig n a l M o n ito r:

T e k tro n ix ,o s c il lo s c o p e  #551«

C o lle c t io n  O p tic s ;

f / 3 , l k  cm f o c a l  le n g th  g la s s  le n s  o p e ra ted  a t  f / 3 .U and magni

f i c a t i o n  one; 0 .068  s r  s o l id  accep tan ce  a n g le .

O rder S o r t e r ; .

No. 87 Kodak W ratten  F i l t e r ,  g e l a t i n .
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S p ec tro m ete r;

Perkin.-Elm er Model 210B; 600 i / im  g r a t in g  b la z e d  a t  1 .6 ^ ; 30-50 

A/mm d is p e r s io n | l i n e a r  wavenumber d r iv e  (400 cm- 3-/ t u r n ) ,

D e te c to r ;

P erk in -E lm er Kodak le a d  s u l f id e  photoconduct o r in  P erk in -E lm er 

s ta n d a rd  th e rm o p ile  h o ld e r  o p e ra te d  as  one le g  o f  a  Leeds and 

N orth rop  #4735 W heatstone B rid g e ; 8 .4  v o l t  d .c .  b ia s  v o lta g e  

a c ro ss  b r id g e ;

D* = 1011 cm /IE /w at t  >

90° an g le  o f  view ,

2 x  0 ,2  mm e lem en t,

Room te m p e ra tu re  o p e ra tio n ,

R^ ss io 4, v o l t s /w a t t ,

Dark r e s i s ta n c e  5 x i d 5 ohms.

N oise v o lta g e  6 x  10"7 v o l t s ,

W avelength re g io n  0 .4  -  2 .7 ^ .

A u x il ia ry  Equipm ent;

Leeds and N orthrop  #2435=0 galvanom eter t o  n u l l  b r id g e ;

0 . 025p amp/mm s e n s i t i v i t y .

I



APPENDIX B

AMPLIFIER LIMITED MINIMUM DETECTABLE SIGNAL

The a m p lif ie r  i s  l im i te d  by Johnson N o ise . The minimum d e te c 

ta b le  s ig n a l  = Johnson N oise x /B and  w id th  x  Johnson N oise V o ltage  Mul

t i p l i e r .  The PAR Johnson N oise v e rsu s  so u rce  r e s i s ta n c e  curve g iv es  th e  

Johnson N oise f o r  88 x  10s  ohms b rid g e  r e s i s ta n c e  a s  50 nV //H z.

The band w id th  i s  g iv en  by 1/8RC f o r  a  12 d b /o c tav e  r o l l - o f f  

r a t e .  300 m ill is e c o n d  tim e  c o n s ta n t g iv e s  0 .4 l6  Hz.

The Johnson N oise M u l t ip l ie r  i s  1 0 ^ where F i s  th e  n o ise  f i g 

u re  in  db g iv en  by th e  PAR n o is e  f ig u r e  c o n to u r. The co n to u r f o r  s in g le  

ended o p e ra tio n  can be u sed  f o r  double ended o p e ra tio n  when th e  sou rce  

i s  above 3 x 10 ohm r e s i s t a n c e .  T his i s  s a t i s f i e d  by th e  b r id g e . The 

n o is e  f ig u r e  f o r  75 Hz m odula tion  freq u en cy  and 88 x  103 ohm so u rce  r e 

s i s ta n c e  i s  1 db.

T h ere fo re  th e  minimum d e te c ta b le  s ig n a l  i s

(50) /(X % 5  101/ 20 ~ 32 .6  nV.

T h is  o ccu rs  w ith  a  s ig n a l - to - n o is e  r a t i o  o f  one.
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APPENDIX C

DETECTOR LIMITED MINIMUM DETECTABLE POWER

#  /A Sf
max “  NEP 

Dmax “  max^B1'um s p e c t r a l  s e n s i t i v i t y

A = d e te c to r  a rea , cm3

Af = a m p lif ie r  band w id th  Hz

ESP = n o is e  e q u iv a le n t power o r  minimum d e te c ta b le  power (w a tts )  f o r

a  s ig n a l - to - n o is e  r a t i o  o f  one

We w ish to  know th e  HEP;

HEP ». ^ 5 !

Dmax

^  “  8 x  1010

averag e  d e te c to r  =

®max “  ® x 1010 cm /H z /w a tt  a t  75 Hz m odulation  freq u en cy  f o r  an

A = 0 .2  x 0 .02  cm3 from  Appendix A.

Af = 0 »Ul6 Hz from  Appendix B,

The HEP i s  found to  be 5 .1  x  10**2,3 w a tts ,



APPENDIX D 

FbS DETECTION SYSTEM TEST PARAMETERS

1 . M ercury p e n -ra y  lamp p o s i t io n e d  2 5 .5  cm from th e  c o l le c to r  l e n s 3 

m odulated  a t  75 Hz,

2 .  S l i t  w id th  0 .466  mm.

3 . No, 8?  Kodak W ratten  f i l t e r  r o ta te d  in to  th e  l i g h t  p a th .

o

4 . 600 A/mm g r a t in g  s e t  f o r  X10139A- o r  16 .6  ± 0 .02  d i a l  num bers.

5 . E x i t  m ir ro r  in  p o s i t io n  f o r  PbS d e te c to r .

6 . 200 p,V s e n s i t i v i t y ,  300 msec tim e c o n s ta n t ,  12 d b /o c t r o l l - o f f  r a t e .

7 .  A d ju st p h a se , freq u en cy  t r im ,  w avelength, d i a l  and lamp p o s i t io n  f o r

a  maximum s ig n a l  o f  105 1# .
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APPENDIX E

POWER DELIVERED TO THE DETECTOR BY PASOHEN a

The power d e te c te d  a t  a  d is ta n c e  x cm from th e  f o i l  i s  given by 

I ( x )  = k  N4p (A4p3S + A4p3d) ^  ^  exp (-OfUp s in h  . The Con-

e lu s io n  c o n ta in s  an e x p la n a tio n  o f  th e  in d iv id u a l  te rra s . The v a lu es  o f 

th e  terras a re  p re s e n te d  h e re .

k  = ■■ ct Hr.. x d e te c to r  e f f ic ie n c y  x o p t i c a l  e ffic iency

U sing th e  v a lu e  in  Appendix A f o r  th e  c o l le c to r  le n s  s o l id  a n g le , 0 .5  

f o r  th e  d e te c to r  e f f ic ie n c y  [H a ll 1970], and 0 .3  fo r  th e  o p t i c a l  e f f i 

c ien cy  (see  th e  In s tru m e n ta tio n  c h a p te r ) ,  we o b ta in

k  = 6 .3 3  x  K f 4 .

Nj^p = number o f atoms in  th e  4p l e v e l  p e r  jiamp beam c u r re n t  p e r  second x 

beam c u rre n t 4- volume o f  th e  beam a f t e r  one second (m easured from th e  

f o i l  where volume i s  zero  and t  = 0 ) .  107 4p atom s/ pamp sec  i s  ob

ta in e d  from experim ent [Andra 1970], and 6 pamp H^+ beam was u sed . The 

volume o f  th e  beam a f t e r  one second i s  g iven  by th e  le n g th  o f  th e  beam 

a f t e r  one second tim es  th e  c ro s s  s e c t io n a l  a re a  o f  th e  beam (a  cm2) .

The v e lo c i ty  o f  th e  beam a t  175 keV i s  3 .3 4  x 10P cm /sec. U sing 

a  = 0.196  cm2, we g e t

N^p = O.928  4P atoms/cm3 .
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The t r a n s i t i o n  p r o b a b i l i ty  f o r  th e  two t r a n s i t i o n s  s tu d ie d  i s

A4P3S3D "  A4p 3S + A4p 3D = 3-3  x  107/s e c  [Bethe and S a lp e te r  1957]

r
For X = 1.8751 p.) we f in d  

^  = 1.06  x  10-*19 jo u le s

a 4p = A4 p 3 d  + A4p 3S + A4P2S + A4P1S = X lo 7 / sec  [B ethe and S a lp e te r

1957]

Using x  = 0 .5  cm, 6 = 0 . 1  cm, and a  = O .I96 cm3, we f in d  

= 0 .8 1  cm3 ,

exp (-of^p = 8 .8 7  x 10*"1 ,

and
^Up5

s in h  = 2 .4 2  x 10""3

P u tt in g  a l l  th e  above v a lu e s  to g e th e r ,  one f in d s  th e  power d e te c te d  from 

Paschen a  to  be 3 .5 8  x  IO""17 w a t t s , o r  330 p h o to n s /se c .



APPENDIX F

REQUIRED BEAM CURRENT FOR X 1.083 y IN He I

For t h i s  c a lc u la t io n  we assume th e  a v a i la b le  d e te c to r  has an NEP 

o f  10~14 w a t ts .  T h is co rresponds to  2 . l 8  x 105 p h o to n s /se c  d e te c te d .

The i n t e n s i t y  (p h o to n s /sec ) a t  th e  d e te c to r  a  d is ta n c e  x cm from th e  

f o i l  i s  g iven  by

Of 6
l ( x )  = k Np Apg exp ( - a p  -  ) s in h

The f a c to r s  k ,  x , a ,  and 6 a re  th e  same as in  Appendix E. We assume 

l ( x )  = 2 .1 8  x  10° p h o to n s /se c , and u se  th e  eq u a tio n  to  f in d  Np, th e  i n i 

t i a l  number o f  atoms/cm3 in  th e  2 3P1 s t a t e  o f  He I  c re a te d  a t  th e  f o i l

in  one second . U sing 300 keV f o r  th e  p a r t i c l e  energy , th e  v e lo c i ty  i s

3 .8  x l ( f  cm /sec. For th e  t r a n s i t i o n  2 3P1 1 3S1 , th e  t r a n s i t i o n

p r o b a b i l i ty  Apg = ofp = 1.022 x 107/s e c  [W iese, Sm ith, and Glennon 1966] .  

U sing th e s e  v a lu e s

" ,  1 J S ? — y  ■k 2av exp (-Ap - )  s in h  —

Np = 8 .7  x 103 2 3P1 atoms/cm3 .

The number o f  atoms in  a  jjamp o f  He+ beam p e r  second i s

6 .2 5  x  1013 atoms/iiamp s e c .  D iv id in g  t h i s  v a lu e  by th e  volume o f  th e

beam p e r  second ( a v ) , we f in d  a  one pamp beam o f  He* has

1*0



h i

8 .4  x  10s atoms/yfliap cm3 .

The r a t i o  o f  th e  number o f  2 3P  ̂ atoms/cm3 t o  th e  number of. 

atoms/cm3 in  a  yamp o f  beam g iv es  1 .0 4  x 10**3 jiamp He+ beam re q u ire d  t o  

j u s t  d e te c t  X 1.083  y.. ,

T h is c a lc u la t io n  was made assum ing a l l  th e  beam was in  th e  form 

o f  He I  a f t e r  th e  f o i l .  From experim ent [M artinson  and B ic k e l 1970b, . 

T ab le  l ] ,  o n ly  20% o f  th e  beam i s  He I  and a l l  o f  t h i s  i s  in  th e  2 3P1 

s t a t e . I f  we now assume t h a t  th e  c u r re n t  from  He b e fo re  th e  f o i l  r e 

m ains th e  same a f t e r  th e  f o i l ,  th e n  a  5 .2  x  10"3 pamp beam o f  He+ i s  

needed to  j u s t  d e te c t  X 1 .083  p. w ith  th e  b e s t  d e te c to r .
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