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Dear D r .  Smull: 

This le t t*er  and t h e  a t tached individual  pro jec t  progress repor t s  c o n s t i t u t e  
t h e  semiannual s ta tus  repor t  on the  research work supported by NASA under 
Research Grant NsG 713 t o  the  University of Arkansas e n t i t l e d  "Invest igat ion 
of Laser Proper t ies  Relevent t o  the ldeasurement of Di f fe ren t  Physical 
Parameters" f o r  t he  per iod March 1, 1965 through September 1, 1965. 

I 
In  general  t h e  above per iod of time was involved i n  determining t h e o r e t i c a l l y  
and experimentally the  f e a s i b i l i t y  of severa l  o r i g i n a l  ideas.  
ideas  s t i l l  appear t o  be f e a s i b l e  w h i l e  o thers  have been r e j e c t e d  a f t e r  t h e i r  
inves t iga t ion .  
inves t iga t ions ,  temporarily suspended pro jec ts ,  and cancelled p ro jec t s ,  can 
be found i n  the  Table of Contents following t h i s  l e t t e r .  

Some of the  

A l i s t  of t he  projects ,  which have been divided i n t o  present 

L i s t e d  below a re  severa l  ideas  t h a t  have been advanced f o r  fu tu re  evaluat ion 
r e l a t i v e  t o  t h e  f e a s i b i l i t y  of u s i n g  t h e  various types of l a s e r s  as an i n t e g r a l  
p a r t  of a system. 
mus t  u t i l i z e  the  l a s e r  i n  a unique manner, improve accuracy or s e n s i t i v i t y  
over e x i s t i n g  devices, or allow s impl i f ica t ion  of t he  device or i t s  a u x i l i a r y  
equipment. 1% should be noted t h a t  no t h e o r e t i c a l  o r  experimental evaluation ilns 
been performed t o  da te  on the  ideas presented below. 

To qual i fy  f o r  inves t iga t ion  or experimentation, t he  system 

, 

FUTURF: WORK -- 
1. Surface Smoothness Guage 

This proposed device woulr, u t i l i z e  a l a s e r  bean d i r e c t e d  normal t o  the  
s u r f a c e  t o  be measured. If 2. uniform r e f l e c t i n g  sur face  is  moved perpendi- 
c u l a r l y  through a l a s e r  beam, the  i r r e g u l a r i t i e s  of t h e  surface would give 
r i s e  t o  a v a r i a t i o n  i n  t h e  nature  of t h e  r e f l e c t e d  and s c a t t e r e d  rad ia t ion .  
I n  o t h e r  words, t h e  i r r e g u l a r i t i e s  w i l l  present surfaces  advancing toward 
and receding from t h e  beam, given rise t o  Doppler s h i f t s .  
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If t h e  r e f l e c t e d  r ad ia t ion  i s  then heterodyned with t h e  inc ident  rad ia t ion ,  
t h e  r e s u l t i n g  s i g n a l  would poss ib ly  give an ind ica t ion  of t h e  d i s t r i b u t i o n  of 
t h e  s i z e s  and types of t h e  i r r e g u l a r i t i e s  by means of a spectrum analyzer  measuring 
t h e  power spectrum of t h e  heterodyned s igna l .  The f e a s i b i l i t y  of t h i s  device 
could be determined from a d e t a i l e d  t h e o r e t i c a l  ana lys i s  of t h e  s i g n a l  de tec t ion  
problem. 

2. Hologram Schl ieren Photography 

photographs. One should be ab le  t o  make a number of recons t ruc t ions  of t h e  same 
hologram using d i f f e r e n t  s e n s i t i v i t i e s .  I n  addi t ion  t o  t h i s ,  t h e  ‘‘lensless 
photography“ aspects  of holography might be u t i l i z e d  t o  escape t h e  present  f i e l d  
s i z e  l i m i t a t i o n  imposed by mirror  s ize .  

3 .  Laser Interferograms 

through s impl i f i ca t ion  of t h e  making of interferograms. One might be ab le  t o  
u s e  moire f r i n g e s  i n  viewing these  interferograms. 

A proposed area of i nves t iga t ion  i s  t h e  use of holograms i n  making sch l i e ren  

4 

A second use of l a s e r s  i n  studying small dens i ty  v a r i a t i o n s  might be f 

4. 

proposed method f o r  determining t h e  o r i en ta t ion  of a d i s t a n t  corner-cube 
r e f l e c t o r .  

Or ien ta t ion  of a Corner-Cube Reflector  
It is an t i c ipa t ed  t h a t  a s tudy w i l l  be made as t o  t h e  f e a s i b i l i t y  of a 

5. 
Another proposed area f o r  fu tu re  work is  t h e  u s e  of l a s e r s  t o  form i n t e r -  

fe rence  f r inges  on t h e  sur face  of opaque ob jec t s .  
t h e s e  f r i n g e s  through a g ra t ing  and use t h e  r e s u l t a n t  moire f r inges  i n  mapping 
t h e  surface.  

Moire Mapping of Opaque Surfaces 

The observer would then view 

6 .  A Method of Measuring t h e  Angular Veloci ty  and/or Acceleration of a Rotat ing 
Device Such a s  an Ultra-centr i fuge 4 

A device of t h i s  type might be used where sur face  requirements of t h e  
r o t a t i n g  equipment w i l l  not allow markings of any type on t h e  surface.  
v e l o c i t y  would be measured by tak ing  t h e  l i g h t  s c a t t e r e d  i n  t h e  d i r ec t ion  of 
r o t a t i o n  and t h e  l i g h t  s c a t t e r e d  i n  t h e  opposi te  d i r ec t ion ,  mixing t h e  two 
s c a t t e r e d  r ad ia t ions  together  and obtaining a double Doppler frequency s h i f t .  

The 

S ince re ly  yours,  

$1. K. Testerman 
P r i n c i p a l  Inves t iga to r  
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PRESENT INVESTIGATIONS 

MAPPING OF VIBRATING SURFACES 

C. Young 

Introduction 

This p r o j e c t  involves t h e  mapping of v i b r a t i n g  sur faces  by using the  laser 

Doppler and In te r fe rence  f r i n g e  techniques. 

f o r  s u c h  a process and a study has been i n i t i a t e d  t o  determine t h e i r  f e a s i b i l i t y .  

It i s  poss ib le  t o  develop techniques t h a t  would determine resonant frequencies 

and modes of v i b r a t i o n  i n  panels and other  surfaces .  I4embranes and diaphragms 

of various shapes and depth could be analyzed and compared t o  t h e o r e t i c a l  models. 

Figure 1 i l l u s t r a t e s  severa l  common modes of c i r c u l a r  and rectangular  membranes 

not bounded a t  t h e  center ,  and it a l so  shows some of t he  equations involved with 

i n  t h i s  study. The theory on these  forms i s  es tab l i shed ,  and these forms can be 

used as  models f o r  study and development. Similar funct ions a r e  charac te i . i s t ic  

f o r  rec tangular  bounded surfaces .  

be achieved from the  v e r i f i c a t i o n  of the experimental mapping with t h e o r e t i c a l  

ana lys i s  of the various modes of vibrat ion.  

t i o n s  t h a t  have t h e o r e t i c a l l y  and mathematically been d i f f i c u l t  could be s tudied.  

This method of v i b r a t i o n  ana lys i s  is a non-destructive type of t e s t i n g  and i s  

completely i s o l a t e d  from t he  system parameters under measurement. 

i n  a unique sense, perforas  as a mapping radar  which i s  capable of measuring 

displacement, v e l o c i t y  and accelerat ion i n  one operation. 

Work Perf ormed 

These techniques are i d e a l l y  s u i t e d  

A l e v e l  of confidence i n  t h e s e  techniques could 

Then measurement of shapes and condi- 

This system, 

Data from t h e  membrane used i n  the study involving pressure transducers was 

analyzed. Resonant fundamental frequency techniques were e s t a b l i s h e d  and higher 
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, v ib ra t ions  of t h e  membrane were observed superimposed on t h e  fundamental. From 

I t h e  Bessels funct ions of t h e  zero order  t h e  fol lowing frequency r e l a t i o n s h i p s  

i n d i c a t e  t h e  p o s s i b i l i t y  of t h e  fou r th  mode as t h e  f i r s t  near  harmonic fol lowing 

t h e  fundamental. 

Fundamental ................ 
Second mode ................ 2.3 (fundamental) 

Third mode ................. 3.5 (fundamental) 

Fourth mode ................ 4.9 (fundamental) 

(approximately t h e  f i f t h  harmonic) 

Inforna t ion  such a s  acce lera t ion ,  peak v e l o c i t y  and displacement was determined 

as a func t ion  of time. 

A t  p resent ,  t h e  Doppler da t a  var ies  both i n  amplitude and frequency, although 

t h e  amplitude v a r i a t i o n s  a r e  meaningless f o r  readout.  Logarithmic compressional 

ampl i f i e r  techniques a r e  being studied t o  provide constant  aciplitude for varying 

inpu t s  so t h a t  frequency dependent vol tages  can be developed. 

dependent vo l tage  w i l l  provide graphic v e l o c i t y  and acce le ra t ion  data .  

amplitude i s  analogous t o  t h e  ve loc i ty ,  t h e  s lope,  and t h e  acce lera t ion .  

a po in t  by po in t  mapping system 

and tuo  synchronous t iming methods, one involv ing  a Zas l a s e r  and t h e  o t h e r  a 

pu lsed  laser. The po in t  by poin t  mapping system provided a l l  t h e  v i b r a t i o n a l  

i n f o r n a t i o n  a t  one poin t ,  and a r ead  out Qf t h e  point:; provided mode func t ions  

and m a x i m u m  v i b r a t i o n a l  displaceaent  over any area .  

diagram of t h i s  po in t  by poin t  mappin: system i s  shown i n  F i g  2. 

The frequency 

The graphic  

There were t h r e e  methods f o r  gather ing da ta :  

j ,  func t iona l  schematic 

A second method of ga ther ing  da ta  from a v i b r a t i n g  sur face  cons is ted  of a 

synchronous t iming method, i n  which the v i b r a t i o n  was stopped a t  a unique p o s i t i o n  

and t h e  i n t e r f e r e n c e  p a t t e r n  was read o u t  f o r  t h a t  p a r t i c u l a r  instantaneous pos i t i on  
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of t h e  surface.  

timing. 

Pulse  modulation of the l a s e r  was requi red  for proper i l lumina t ion  
I 

The purpose of providing synchronous presenta t ion  was t o  supply t o t a l  a r ea  

photographs showing modes, displacement and shape a t  any i n s t a n t  of time from one 

piece of data .  

s h o r t  time and may be more e f f i c i e n t  and as equal ly  e f f e c t i v e  as poin t  by poin t  

mapping fo r  some s p e c i a l  surfaces .  

Since f r i n g e  pa t t e rns  obviously become dense across  t h e  grad ien ts  f o r  extremely 

l a r g e  v ibra t ions ,  t h i s  method will perhaps be more usefu l  i n  a reas  and sur faces  

of small v ib ra t ions  such as one would normally study i n  a laboratory.  Figure 3 

i s  a func t iona l  diagram shoving a synchronous system using a gas l a s e r .  The laser 

i l lumina ted  a sur face  only a t  a chosen v ib ra t iona l  pos i t ion ,  and the  f i lm  was 

exposed lone; enough t o  record t h e  in te r fe rence  p a t t e r n  of t h a t  pos i t ion .  

This mapping technique can supply a l a r g e  amount of da ta  i n  a 

Preliminary work has been done i n  t h i s  area.  

The bas i c  problem i n  t h i s  system vas t o  e l i n i n a t e  undesired in t e r f e rence  

p a t t e r n s  caused by t h e  surfaces  of p l a t e s  i n  t h e  op t i c s  system and pulse  modula- 

t i o n  of' t h e  l a se r .  

o f f  tne she l f  test  equipraent. 

f o r  t h e  e n t i r e  system and f ixed  delays were handled i n  t h e  pulser .  

of t h e  laser a t  a high r a t e  and a short pulse  width n ight  have been a l i m i t i n g  

f a c t o r ,  another  synchronous method was considered. T h i s  method cons is ted  of 

choppins t h e  l a s e r  beam a t  a synchronized r a t e  o r  a t  a s l i g h t l y  d i f f e r e n t  frequency. 

Vhen t h e  v i b r a t i o n  was s e t  a t  a rate of 500 times/sec and t h e  chopper r a t e  501 

times/sec, t h e  sur f  ace f r i n g e  p a t t e r n  shrank and increased twice each second. 

T h i s  rate of change, i n  which the normal continuous i l l u a i n a t i o n  expansion and 

con t r ac t ion  r a t e  was 1000 titnes/sec, \ ins observable x i t h  t h e  unaided eye. For 

a p a r t i c u l a r  point ,  a coincidence t iming  r e l a t ionsh ip  was derived from t h i s  system, 

i n  which oiice every second, a t  t h e  same v i b r a t i o n a l  pos i t ion ,  t h e  sur face  was 

The synchronous re la t ionships  were obtained with standard,  

The frequency generator  xas t h e  t iming cont ro l  

Since puls ing  
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i l luminated with col l imated laser l i g h t  and t h e  f r inges  were i n t e g r a t e d  on an 

exposed photographic p l a t e .  T h i s  s i t u a t i o n  was e s s e n t i a l l y  t h e  same i n  which 

t h e  f r i n g e  pa t t e rns  were a t  a frozen pos i t ion  t o  be examined. 

with t h i s  method were t h e  amount of l i g h t  ava i l ab le  and t iming and coincidence 

c i r c u i t r y ,  most of which has a l ready been b a s i c a l l y  es tab l i shed .  

was driven by a va r i ab le  speed synchronous motor and i ts  v e l o c i t y  was monitored 

by var ious e a s i l y  achieved methods. 

above arrangement. 

The main problems 

The chopper 

Figure 4 i s  a timinG synchrogram of t h e  

The t h i r d  method, a l s o  a synchronous t iming systen?, involved t h e  use of a 

pulsed l a s e r  i n s t ead  of a gas laser. The advantages of this type of laser were 

t h a t  i n t e g r a t i o n  of t h e  s i g n a l  over a period of time was not necessary, and t h e  

energy from one pulse  of t h e  laser was s u f f i c i e n t  t o  be recorded on a photographic 

f i l m .  

a t  recording data had been made. I f ,  however, such a system could be made s t a b l e  

enough f o r  por tab le  use,  o r  were t o  be used cons tan t ly  i n  t h e  same pos i t i on ,  

alignment would only have t o  be adjusted p e r i o d i c a l l y  o r  when data was not  being 

s a t i s f a c t o r i l y  recorded. 

be nade f o r  f e a s i b l e  parameters p r i o r  t o  t h e  impleaentation of hardware f o r  this 

method. 

Future  Vork 

The disadvantage was t h e  lack  of c e r t a i n t y  of alignment u n t i l  a f t e r  attempts 

A study of ava i lab le  energy and f i lm  speeds needs t o  

The labora tory  a t  G I T  is riel1 supplied with t h e  equipment necessary t o  

launch t h e  above study. 

with lasers have already shown considerable promise and progress  i s  being made. 

Graphical da t a  of s eve ra l  surfaces  will soon be p l o t t e d  as a system, as  has been 

done manually i n  t h e  preliminary study. It i s  bel ieved t h a t ,  as a resu l t  of t h e  

techniques developed within t h i s  study, l i t t l e  e f f o r t  would have t o  be added t o  

The f i r s t  two methods of observinz t h e  v ib ra t ions  



, 1 

-5 -  

provide a f i e l d  usable instrument f o r  v ib ra t iona l  data .  

d e t a i l e d  knowledge of v ib ra t ions  should be obta inable  by these  methods and develop 

i n t o  a usefu l  study. 

Fur ther  and more in t imate ly  



THE USE OF A LASER TO MEASURE THE FREQUENCY RESPONSE OF A TRANSDUCER 

T. \I. Martin 

Introduct ion 

The work conducted on t h e  momentum de tec to r  descr ibed i n  a previous repor t  

resulted i n  t h e  appl ica t ion  of t he  l a s e r  beam t o  t h e  observat ion of v ib ra t ing  

surfaces  such as measuring t h e  frequency response of a microphone. 

app l i ca t ion  appears a t t r a c t i v e  s ince  it does not depend upon t h e  transmission 

of sound o r  resonant c a v i t i e s  and it iaposes no add i t iona l  load  on t h e  device 

being t e s t e d .  This method i s  capable of a frequency response comparable t o  any 

microphone and it may be used t o  observe sur faces  i n  a vacuum where there i s  

no loading because of t he  atmosphere. 

Vork Performed 

T h i s  i nves t iga t ion  was based on t h e  theory of a laser feedback system i n  

which t h e  laser beam was r e f l e c t e d  from t h e  v ib ra t ing  microphone, through t h e  

l a s e r  and i n t o  a photomult ipl ier  tube as shown i n  F ig  5. The output from t h e  

photomul t ip l ie r  t ube  was observed on an osci l loscope.  

t h e  v i b r a t i n g  membrane produced Doppler f r inges  which appeared a t  t h e  photo- 

m u l t i p l i e r  surface.  One f r i n g e  was produced f o r  each ha l f  wavelength of t h e  

i nc iden t  r a d i a t i o n  t r ave led  by t h e  diaphragm toward o r  avay from t h e  l a s e r .  

A s  t h e  diaphragn moved through t h e  center  o r  re laxed pos i t i on ,  t h e  f r inges  were 

produced a t  t h e  maximum r a t e  because of t h e  high ve loc i ty  of t h e  diaphragm a t  

t h a t  pos i t i on .  

f r i n g e  rate approached zero. 

t h e  diaphragm moved through 1/2 cycle. 

n u l l  (zero f r i n g e  r a t e s )  po in ts  iias mult ipl ied by 

This new 

The r e f l e c t e d  beam from 

As t h e  diaphragm came t o  rest a t  t h e  m a x i m u m  def lec t ion ,  t h e  

This change i n  f r i n g e  r a t e  vas repeated each time 

The number of f r inges  between any two 

t o  f i n d  t h e  amplitude of 
2 
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- t h e  v i b r a t i n g  diaphragm. The process vas repeated f o r  many frequencies and 

r e s u l t e d  i n  the  amplitude vs t h e  frequency response curve f o r  t h a t  p a r t i c u l a r  

transducer.  

T h i s  method was appl ied t o  audio range microphones and found t o  be s a t i s f a c -  

to ry .  It is  expected t h a t  t he  r e s u l t s  would be b e t t e r  with high frequency micro- 

phones s ince  audio range devices do no t  apply themselves well t o  t h i s  method, 

because these  microphones do not generally have r e f l e c t i v e  v i b r a t i n g  surfaces .  

\/hen a r e f l e c t o r  was added, t he  diaphragm mass was changed and the  device no 

longer produced exact ly  the  same frequency response curve. However, f o r  purposes 

of determining t h e  f e a s i b i l i t y  of t he  method, audio range microphones were qu i t e  

s a t i s f a c t o r y .  

The curve shown i n  F ig  6 represents t h e  r e s u l t  of t he  f i r s t  e f f o r t  t o  deter-  

mine t h e  frequency response of a transducer using a l a s e r  Doppler system. This 

curve was produced by dr iv ing  t h e  transducer over a wide frequency range a t  an 

input  vo l tage  of 1 v o l t  peak t o  peak. 

Conclusion 

I n i t i a l  inves t iga t ions  appeared t o  show t h a t  t h i s  method should be qu i t e  

The problem of the  addi t ion s a t i s f a c t o r y  f o r  t h e  c a l i b r a t i o n  of transducers.  

of a r e f l e c t o r  t o  t h e  t ransducer  should be remedied by t h e  use of higher frequency 

devices because these  a r e  usual ly  c rys t a l  o r  capacitance type, most of which have 

s u r f a c e s  with s u f f i c i e n t  r e f l e c t i v i t y .  The only obs tac le  t h a t  n ight  a r i s e  w i l l  

be when t h e  s i z e  and frequency of a nicrophone r e s u l t s  i n  a surface movement of 

less than one wavelength of the  l a s e r  l i g h t .  

Future  Ifork 

Future  work w i l l  pr imari ly  involve refinement of t h e  technique and in t e rp re t a -  

Transducers will be employed w i t h  successively higher and higher t i o n  of t he  data .  

frequency ranges, which w i l l  permit t h e  o v e r a l l  r e s u l t s  of the  technique t o  be 

judged more accurately.  



A SENSITIVE LEVEL 

G. Cl ine 

Introduct ion 

This p ro jec t  was involved with an i nves t iga t ion  i n t o  t h e  f e a s i b i l i t y  of 

using simple in t e r f e rence  e f f e c t s  t o  c rea t e  a s e n s i t i v e  and accura te  l eve l .  

The reference plane was t h e  sur face  of an o i l  pool which vas always perpendicular 

t o  t h e  ear th ' s  g r a v i t a t i o n a l  f i e l d .  Llthough var ious methods of approach were 

considered1, t h e  inves t iga t ion  was f i n a l l y  d i r ec t ed  toward e s t ab l i sh ing  t h e  

c h a r a c t e r i s t i c s ,  both i n  theory and prac t ice ,  of t h e  in t e r f e rence  phenomenon of 

an o p t i c a l  wedge which had an o i l  pool f o r  a lower sur face .  

because i t s  index of r e f r a c t i o n  vas similar t o  t h a t  of g lass ,  thus providinG 

t h e  proper  re f lec tance ,  and it was viscous enough t h a t  t h e  v i b r a t i o n a l  sur face  

waves were heavi ly  damped. A g las s  f l a t  was used f o r  t h e  upper sur face  of t h e  

wedges i n  an arrangement as  shovn i n  Fig 7. 

Mineral o i l  was used 

Fizeau type f r inges  were formed vhen t h e  apparatus vas i l luminated normal 

t o  t h e  o i l  w i t h  an expanded and coll imated l a s e r  beam. The d i r e c t i o n  of t h e  

f r i n g e s  ind ica ted  t h e  loca t ion  of t he  apex of t h e  wedge, and t h e  number of 

f r i n g e s  ind ica ted  t h e  magnitude of the wedge angle. Absolute l e v e l  was es tab l i shed  

when t h e  upper f l a t  was cor rec ted  u n t i l  no wedge angle iias present ,  i .e. ,  no 

f r i n g e s  appeared. The sur face  appeared uniforrnly i l lumina ted  when a pe r fec t  

l e v e l  vas achieved. 

Uork Performed 

The following ca lcu la t ions  ind ica te  t h e  c h a r a c t e r i s t i c s  of t h e  f r i n g e  pa t te rn .  

From Fig. 8, 

h = 6328 A, then 
0 

i f  t h e r e  was one 

2.06 x lo5 sec.  If h/2 h if 8 5 5, 0 = - = - radians = - L 2L 2L 

0 = 6 . 5 2 / ~  sec. f o r  L i n  cm. For t h e  minimum detec tab le  angle, 

half  of a f r inge  (br ight  t o  dark p a t t e r n )  across  t h e  f l a t ,  t h e  
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. angular separat ion of t h e  l i q u i d  and f l a t  was 9 = - where L vas t h e  f r i n g e  

h separat ion ( i n  t h i s  case equal t o  twice t h e  diameter of t he  f l a t ) ,  o r  9 = - 4d 

vliere d = diameter of t h e  f l a t  i n  cm. Therefore, 0 = 3.26/d sec.  for 6328 A 

l i g h t .  The wavelength and t h e  diameter of t he  f l a t  obviously determined t h e  

u l t i m a t e  s e n s i t i v i t y ,  s ince  the re  uere no de tec t ion  problems. For example, f o r  

one half  of a f r inge ,  i f  d = 3.26 cm., 8 = 1 sec; i f  d = 6.5 cm. 9 = 0.5 sec.  

However, i f  a 10 per  cent v a r i a t i o n  of t he  br ight  t o  dark p a t t e r n  was detected,  

then 9 vas determined t o  .O5 sec.  using t h e  f l a t  of d = 6.5 cn. 

s e n s i t i v i t y  is  ye t  t o  be es tab l i shed  and w i l l  probably be determined by t h e  

q u a l i t y  of t h e  o p t i c a l  components. 

0 

The l i m i t  of 

A diagram of t h e  experimental apparatus i s  shown i n  F i g  10. The laser 

beam, expanded t o  a diameter of 4 inches ,  was d i r e c t e d  dormward by a 45 degree 

beam s p l i t t e r  through an aperture  and onto the  wedge. The scanner furnished a 

v a r i a b l e  aper ture  t h a t  scanned t h e  periphery of t he  bean, and therefore  allowed 

only a narrow sha f t  of l i g h t  t o  i l luminate  t h e  wedge. T h i s  sha f t  of l i g h t  formed 

i n t e r f e r e n c e  bands, shown i n  F i g  8, over t h e  small  area t h a t  was determined by 

t h e  c ross -sec t iona l  a rea  of t he  aperture.  The in te r fe rence  p a t t e r n  was r e f l e c t e d  

back through t h e  aperture,  t h e  p a r t i a l l y  r e f l e c t i v e  mirror, and was focused on a 

de tec to r .  A s  t h e  scanner r o t a t e d  across t h e  f r inges ,  an s i g n a l  was generated 

a t  t h e  de tec tor .  

were determined as  i l l u s t r a t e d  i n  Fig 9.  

a t  B i s  scanning p a r a l l e l  t o  t h e  in te r fe rence  bands, and C i s  scanning across 

the i n t e r f e r e n c e  bands. 

From t h i s  s igna l  the magnitude and d i r e c t i o n  of t h e  o f f - l e v e l  

Point A is a f iduc iary  mark, t he  area 

Present  d i f f i c u l t i e s  include lack of para l le l i sm of t he  beam and t h e  apparent 

bending of t h e  f l o o r s  as  personnel move about i n  the  laboratory.  

a r e  d e s i r e d  f o r  t he  i n i t i a l  t e s t s  and alignment. 

S t a b l e  f r inges  
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Future Vork 

Future work w i l l  cons is t  of t h e  development of an e f f e c t i v e  readout device, 

t h e  design of which i s  i n  t h e  e a r l y  stages of planning, and t h e  upgrading of t h e  

o p t i c a l  system t o  reduce d i s t o r t i o n  and noise  l eve l .  

Reference 

Previous repor t  t o  NASA under Research Grant NsG 713 April  27, 1965 
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LONG PATH CELL FOR I E E W m  OF I l E X  OFTICAL ROTATION 

C. Young 

In t roduct ion  

The small divergence of t he  l a s e r  beam was conceived t o  be use fu l  i n  making 

measurements of o p t i c a l  r o t a t i o n  over l a r g e  pa th  lengths  which would increase  

t h e  t o t a l  o p t i c a l  r o t a t i o n  ava i l ab le  f o r  measurement. This device would be 

p a r t i c u l a r l y  use fu l  f o r  measuring very small r o t a t i o n s .  Such small r o t a t i o n s  

might be produced e i t h e r  by a substance exh ib i t i ng  weak o p t i c a l  a c t i v i t y  or by 

a substance showing a small Faraday e f f ec t .  

In  order  t o  make these  long path l eng th  measurements p r a c t i c a l ,  it w i l l  be 

necessary t o  f o l d  t h e  o p t i c a l  path in to  a reasonable length  by r e f l e c t i o n .  

Uork Performed 

The f irst  exgerimental  i nves t iga t ion  was involved with t h e  " f i r s t  o rder"  

e f f e c t s  of r e f l e c t i o n  upon t h e  apparent o r i e n t a t i o n  of t h e  plane of p o l a r i z a t i o n  

a s  observed from various angles i n  a mirror.  The experiment vas performed v i t h  

a l a s e r  beam r e f l e c t e d  from a meta l l ic  mirror .  The o r i e n t a t i o n  of t h e  plane of 

p o l a r i z a t i o n  was' l oca t ed  v i s u a l l y  by using a shee t  of "Polaroid" mater ia l .  The 

observed o r i en ta t ions ,  which appeared t o  correspond t o  t h e  o r i e n t a t i o n s  of t h e  

image of t h e  l a s e r ,  were p l o t t e d  on the su r face  of a sphere,  using dashes t o  

r ep resen t  t hese  o r i en ta t ions .  

t h e  i n t e r s e c t i o n  of a f a n i l y  of planes with t h e  sphere. 

planes was p a r a l l e l  t o  t h e  corresponding axis of t h e  plane of po la r i za t ion  before  

r e f l e c t i o n ,  and a l l  of t h e  planes passed through t h e  po in t  on t h e  sphere diametric- 

a l l y  oppos i te  t h e  po in t  a t  which t h e  l a s e r  beam entered  t h e  sphere before  r e f l e c t i o n .  

The conf igura t ion  i s  ind ica t ed  i n  F i g  11 (a t o p  view of t h e  sphere) and F i g  12 

( a s i d e  view of t h e  sphere) .  

The l o c i  of t h e  l i n e  segments were descr ibed by 

One ax i s  of t hese  
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The f i r s t - o r d e r  e f f e c t  of t he  r e f l ec t ion  of po la r i zed  l i g h t  appeared t o  

present  t o  t h e  observer a simple r i g h t - l e f t  r e v e r s a l  of t h e  angle of t he  plane 

of po lar iza t ion ,  provided t h n t  t h e  observer used t h e  plane f i x e d  by t h e  source, 

t h e  mirror, and the  point  of observation as the  "horizontal  reference plane". 

Therefore, two r e f l ec t ions  i n  s e r i e s  res tored the  o r i g i n a l  o r i en ta t ion .  

It might appear t h a t  t he  simplest  way of making a long path c e l l  would be 

t o  r e f l e c t  t he  l i g h t  d i r e c t l y  back through t h e  s o l u t i o n  from a s i n g l e  mirror 

and determine t h e  r i g h t - l e f t  r e l a t i o n  by counting t h e  reversa ls .  However, it i s  

a consequence of t he  r i g h t - l e f t  reversal  t h a t  t h e  o p t i c a l  r o t a t i o n  presented 

by the  beam on i t s  f i r s t  pass i s  cancelled out  on i t s  second pass.  \!hen t h e  

beam was r e f l e c t e d  twice before  re turning through t h e  so lu t ion ,  t h e  r o t a t i o n  

of t h e  second pass was added t o  t h a t  of t h e  f i r s t  pass. - T h i s  occurrence was 

v e r i f i e d  experimentally. 

A s tudy of the  l i t e r a t u r e  concerning m e t a l l i c  r e f l e c t i o n  revealed t h a t  

there was an e f f e c t  more s u b t l e  than t h e  " f i r s t -o rde r "  e f f e c t  previously described. 

T h i s  e f f e c t  i s  associated w i t h  t he  f ac t  t h a t  a mirror does not equally r e f l e c t  

t h e  components of t h e  l i g h t  p a r a l l e l  t o  t h e  plane of incidence ("p" component) 

and perpendicular  t o  t h e  plane of incidence ( "sr1 component). This unequal loss 

f o r  t h e  "p" and "s" components causes t h e  plane of p o l a r i z a t i o n  of t h e  r e f l e c t e d  

beam t o  be r o t a t e d  from t h e  or ien ta t ion  t h a t  would otherwise be expected. 

s i t u a t i o n  suggests t h a t  the  u s e  of metal l ic  m i r r o x  should be avoided, and t h e  

t o t a l  i n t e r n a l  r e f l e c t i o n  of a prism should be used ins tead .  

T h i s  

Continued study of t he  l i t e r a t u r e  revealed t h a t  t he re  i s  a very ser ious  

problem assoc ia ted  with t h e  u s e  of i n t e rna l  d i e l e c t r i c  r e f l ec t ion .  T h i s  problem 

i s  a phase s h i f t  t h a t  occurs between t h e  "p" and f I ~ r r  components of t h e  l i g h t ,  so  

t h a t  t h e  l i g h t  a f t e r  r e f l e c t i o n  i s  no longer plane polar ized,  b u t  e l l e p t i c a l l y  
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polar ized .  This problem a l s o  occurs with m e t a l l i c  r e f l e c t i o n ,  but  i s  less not ice-  

a b l e  a t  most angles of incidence.  T h i s  phase s h i f t  w i l l  have t o  be compensated 

before  t h e  beam can be allowed t o  make t h e  next  pass  through t h e  so lu t ion .  

There i s  a way t h a t  t h i s  compensation can be accomplished. P l a t e s  cu t  

from an i so t rop ic  mater ia l s  (such as quartz, c a l c i t e ,  or mica) have two d i f f e r e n t  

r e f r a c t i v e  ind ices ,  depending on t h e  d i r e c t i o n  of v i b r a t i o n  of l i g h t  i n  t h e  

mater ia l .  Thus one component of t h e  l i g h t  can be "slowed down" with respec t  

t o  t h e  o ther .  

The use of such a p l a t e  i s  i l l u s t r a t e d  i n  F i g  1.3. 

r equ i r ed  t o  produce any r e l a t i v e  phase s h i f t ,  bu t  a t h i c k e r  p l a t e  would be advis- 

a b l e  so  t h a t  it would have adequate mechanical s t r eng th .  

vould merely s h i f t  t h e  phase by mult iples  of 2 ;I. The th ickness  r e l a t i o n s  f o r  

t h e  p l a t e  can be Given as follows : 

Let 

This p r i n c i p l e  is  used i n  making quarter-vave and half-wave p l a t e s .  

Only a t h i n  p l a t e  i s  a c t u a l l y  

The extra th ickness  

6, = t o t a l  phase s h i f t  between "SI' and "p" components 

(may be 22 IT) 

6 ,  = r e l a t i v e  phase s h i f t  of "S" and "p" components 

(I 2TT) 

d = thickness of p l a t e  

h = wavelength of l i g h t  i n  a vacuum 

= two r e f r a c t i v e  ind ices  of t h e  an i so t rop ic  plate No and N e 

N = number of complete cycles  of phase s h i f t  produced 

by ex t ra  thickness  of p l a t e  requi red  f o r  rnechanical 

( 2  N + 6 ) h  
d=2,("T e 

st rength  



Of course, 62 is  s e l e c t e d  t o  compensate exac t ly  for t h e  phase s h i f t  t h a t  

occurs on r e f l ec t ion .  It i s  suspected ( b u t  not ye t  been proven) t h a t  t h e  phase 

s h i f t  can be var ied  by r o t a t i n g  t h e  conpensator p l a t e .  

of freedom t h a t  is needed i n  order t ha t  t h e  design of t h e  ce l l  not  have exceed- 

This r o t a t i o n  is a degree 

i n g l y  c lose  tolerances.  

Another idea f o r  making the  required phase compensation i s  t o  u s e  a prism 

made of an an iso t ropic  mater ia l  w i t h  the cor rec t ion  occurr ing i n  tkc port ion of 

t h e  path ly ing  between the  two faces  of a given prism. The length of t h e  path 

depends upon i t s  dis tance from the  apex of t h e  prism, as shown i n  F i g  14. The 

adjustment can be made o p t i c a l l y  without moving the  l a s e r ,  by using r e f r a c t i o n  

through a p lane-para l le l  p l a t e .  

Conclusions 

In order  t o  be workable, t h e  long path c e l l  mus t  be considerably more complex 

than t h a t  which was o r i g i n a l l y  conceived. The p r a c t i c a l i t y  of t h e  c e l l  w i l l  

depend l a r g e l y  upon the  a v a i l a b i l i t y  and p r i c e  of s u i t a b l e  compensator p l a t e s .  

T h i s  problem i s  being invest igated.  



ANGULAR ALIGNMENT DEVICE 

J. I4cElroy 

I n t  roduct ion 

T h i s  phase of study involves t h e  f e a s i b i l i t y  of cons t ruc t ing  an angular 

alignment device using a cw gas l a s e r  and two plane f r o n t  sur face  mirrors  as 

shown i n  F i g  15. 

The f i r s t  mirror,  PIl, was s i tua t ed  i n  a plane perpendicular  t o  t h e  laser 

beam, and t h e  second, M2, vas a t  some angle  $ w i t h  141. 

through Ml and was incident  on 1.1, at t h i s  angle.  

between t h e  two mirrors,  forming a s e r i e s  of images rihich converged i n t o  one 

image as t h e  angle between t h e  mirrors was reduced. 

depended upon t h e  de tec t ion  of t h i s  converging ac t ion .  

The beam v a s  t ransmi t ted  

The beam was then r e f l e c t e d  

The operat ion of t h e  device 

The f a c t  t h a t  t h e  images on both mirrors  were ava i l ab le  f o r  readout added 

t o  t h e  v e r s a t i l i t y  of t h e  device. 

'Jerk Performed 

It vas ca lcu la ted  t h a t  i f  I,, t he  d i s t ance  between t h e  mirrors  a t  t h e  po in t  

of r o t a t i o n  of M,, was held constant and t h e  images on 1.1, were numbered as shown 

i n  F ig  1.5, t h e  dis tance,  Xn, from the  cen te r  of t h e  image a t  zero t o  t h e  center  

of t h e  n t h  image (n=1,2,3,etc) was given by 

s i n  2npI + s i n  2(n-1) $ + s i n  2(n-2) 9 ... + o Xn = 2L cos (2n +. 1) @ 

Hence i f  L i s  known and Xn can be measured, $ can be determined from a p l o t  of 

Xn vs $. 

The re ference  t o  t h e  centers  of t h e  d i f f e r e n t  images was necessary s ince  

each image was l a r g e r  than t h e  preceding image, because of t h e  inherent  diverzence 
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* of t h e  l a s e r  beam. By tak ing  t h i s  beam divergence i n t o  considerat ion,  Equation 1 

i n t e n s i t y  po in t s  can be r e a d i l y  modified t o  r e l a t e  the  d i s t ance  between t h e  - 

of t h e  image a t  zero and t h e  n t h  image. 

1 
e‘ 

If t h e  angular beam divergence i s  CY, t h e  angle  fl between t h e  mirrors a t  

which it i s  not poss ib l e  t o  de t ec t  ind iv idua l  images is  = - . This i s  t h e  

l i m i t  of t h e  angle  t h a t  can be determined by image pos i t i on .  For most commercial 

l a s e r s  c’ i s  on t h e  order  of 1 t o  2 minutes. 

C’ 

2 

A method u t i l i z i n g  a cube corner r e f l e c t o r  was devised f o r  alignment of bf1 

i n  a plane perpendicular  t o  t h e  laser beam. The accuracy of t h e  alignment of 

1 ~ 1 ~  was l i a i t e d  by t h e  accuracy of the  angles of t h e  r e f l e c t o r .  

An adjus tab le  mount f o r  I.12 was designed and b u i l t .  This mount was designed 

s o  t h a t  t h e  center  of r o t a t i o n  was located i n  t h e  plane of t h e  f r o n t  sur face  of 

M2. 

g l a s s  and aluminum coat ings.  

Id2 was approximately 85 per  cent  r e f l e c t i v e .  

A set  of mirrors  has a l s o  been f ab r i ca t ed  using p l a t e s  of o p t i c a l  q u a l i t y  

MI was approximately 50 p e r  cent  r e f l e c t i v e  and 

MIl vas i n i t i a l l y  designed with an aper ture  t o  allow transmission of t h e  

beam. 

s i n c e  a t  small  angles t h e  f irst  images formed on 1~1, overlasped t h e  aper ture ,  thus  

d i s t o r t i n g  succeeding images. 

Conclusion 

This arrangement was discarded i n  favor  of a p a r t i a l l y  r e f l e c t i v e  mirror ,  

Thus f a r  ind ica t ions  a r e  t h a t  t h i s  device w i l l  apply i t s e l f  t o  uses i n  which 

t h e  mirrors i n  quest ion a r e  s e p a r a t e d b y  a r e l a t i v e l y  l a r g e  d i s t ance  (5 meters).  

It has been ca l cu la t ed  t h a t  when L = 5 meters, an angle of 1 minute can 

be r ead  u t i l i z i n g  t h e  n = 5 image, assuming t h e r e  i s  a beam divergence of .s 
m i l l i r a d i a n s .  

from t h e  image a t  n = 5. 

Under these condi t ions t h e  image a t  n = 4 i s  completely d iscernable  
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Future Uork 

An inves t iga t ion  t o  determine the bes t  method of de tec t ing  t h e  image 

pos i t ions  will be performed. There are s e v e r a l  methods of de tec t ion  under 

considerat ion a t  t h i s  time, and each of these  w i l l  be evaluated. 

The p o s s i b i l i t y  of reducing o r  eliminating t h e  l i m i t s  imposed by t h e  beam 

divergence w i l l  be invest igated.  It may be poss ib le  t o  use  a l ens  i n  f r o n t  of 

Ml w i t h  a f o c a l  length such t h a t  t h e  f i n a l  image, n, will be approximately the  

same s i z e  as Image zero. I J i t h  this and o ther  techniques now under consideration 

t h e  ul t imate  s e n s i t i v i t y  of the  device should be i n  t h e  range of seconds of a rc .  



HOLGGRAMS 

G. Ba l l a rd  

In t roduct ion  

The purpose of t h i s  p r o j e c t  is t o  i n v e s t i g a t e  techniques of ob ta in ing  images 

by wavefront recons t ruc t ion  and t o  study t h e  c h a r a c t e r i s t i c s  of t he  holograms from 

which these  images a r e  obtained. 

In  t h e  wavefront recons t ruc t ion  process of Gaborl, t he  Fresne l  d i f f r a c t i o n  

p a t t e r n  of an ob jec t  was recorded and l a t e r  used t o  produce an image of t h e  

o r i g i n a l  ob jec t .  Such a record is ca l l ed  a hologram. 

I n  recording t h e  d i f f r a c t i o n  pa t t e rn  with a s i n g l e  beam on f i lm,  t h e  phase 

of t h e  inc ident  i l lumina t ion  i s  lost .  I J i t h  a two b e m  in t e r f e romet r i c  process,  

a t ransparency i s  placed i n  one beam and t h e  second beam, a c t i n g  as a c a r r i e r ,  

i s  superimposed on t h e  t ransparency t o  produce a f r i n g e  pa t t e rn ,  y ie ld ing  a 

hologram which preserves  t h e  phase information. 

One technique f o r  recording a dual beam hologram i s  shown i n  F ig  16. The 

ob jec t  was i l lumina ted  with coll imated monochromatic l i g h t  and a Fresne l  d i f f r a c t i o n  

p a t t e r n  of t h e  ob jec t  was formed on the photographic p l a t e .  

i nc iden t  beam also impinged on a wedge and was devia ted  through an angle  8.  
This "reference" beam was superimposed on t h e  lower "information" beam, r e s u l t i n g  

i n  a f r i n g e  p a t t e r n  superimposed on the  Fresne l  d i f f r a c t i o n  p a t t e r n  of t h e  ob jec t .  

The photographic p l a t e  recorded t h i s  p a t t e r n ,  producing t h e  hologram. 

1, por t ion  of t h e  

An image rias recons t ruc ted  from t h e  hologram as shown i n  F ig  17. The 

hologram, placed i n  a col l imated beam of monochromatic l i g h t ,  ac t ed  l i k e  a 

d i f f r a c t i o n  Grating, separa t ing  t h e  beam i n t o  a zero order  and two f i r s t  o rder  

beams. The zero order  beam contained two images, similar t o  the  o r i g i n a l  Gabor 

images. One of t hese  images was a r e a l  image, l oca t ed  a t  t h e  same d is tance ,  d ,  
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t h a t  was t h e  o r i g i n a l  d i s tance  between t h e  objec t  and t h e  photographic p l a t e  when 

t h e  hologram vas recorded. Also present was a v i r t u a l  imaze, which was out  of 

focus with t h e  real  image and inseparable  from it. 

One of t h e  f i r s t  order  beams produced a real image, i n  t h e  same plane as 

t he  conventional real image, bu t  displaced by t h e  angle $. 

beam produced a v i r t u a l  image, as shown i n  F i g  17. The d isp laced  r e a l  image 

was recorded by p lac ing  a photographic p l a t e  i n  t h e  imaGe plane.  

Uork Performed 

The o the r  d i f f r a c t e d  

Two problems were confronted i n  t h i s  p r o j e c t :  t h e  f i l m  t o  be used and the  

arrangement of t h e  apparatus.  

ICodak Panatomic-X f i lm  was o r ig ina l ly  s e l e c t e d  f o r  recording t h e  holograms. 

T h i s  f i l m  i s  s e n s i t i v e  t o  6328 k l i g h t ,  and has very high r e so lu t ion  (136 t o  225 
0 

lines/mm). 

Assuming a mid-range reso lu t ion  180 lines/mm, and using t h e  formula 

nh = d s i n  !$ 

where n = 1 
0 

h = 6328 x 
d = -  I- mm/line 

180 

It i s  found t h a t  $ i s  6.550 degrees. This angle, $, was t h e  rnaximum angle t h a t  

t h e  f i l m  could resolve.  T h i s  angle cou ld  probably not be r e a l i z e d  s ince  t h e  

i n t e r f e rence  l i n e s  of t h e  hologram are not s t r a i g h t  and regular  b u t  vary w i t h  

each objec t .  

It was soon found t h a t  t h e  resolving pover of t h e  f i lm  vas not t he  l i m i t i n g  

f a c t o r  of $. The i n t e n s i t y  of a given a r e a  of t h e  recons t ruc t ion  decreased as 

it was removed from t h e  zero order beam. Thus, f o r  l a r g e r  angles of $, t h e  image 

was so d i m  t h a t  it was indistinGuishable from t h e  background l i g h t .  
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Iiodak Contrast-Process Panachronatic f i l m  vas found t o  give b r i g h t e r  

images than Panatomic-X, but  not enough br ightness  was Gained t o  allow u s e  of 

s i g n i f i c a n t l y  l a r g e r  $ ‘ s .  

f i lm  is  t h e  same range as  t h a t  of Panatomic-X, t h e  gain i n  br ightness  was ev ident ly  

due t o  i t s  higher con t r a s t .  Contrast-Process f i lm  has been used f o r  recording 

most of t h e  holograms. 

Since t h e  reso lv ing  power of t h e  Contrast-Process 

As f o r  t h e  apparatus,  an a r r a n g a e n t  as shown i n  F ig  16 vas t r i e d  f i r s t .  

This  arrangement was r e l a t i v e l y  simple t o  set up, but t h e  s i z e  of t h e  ob jec t  

tias l i m i t e d  t o  one-half t h e  beam diameter, and t h e  requi red  wedge had t o  be 

t h e  same s ize  a s  t h e  objec t .  

astigmatism Lias introduced by t h e  wedGe. 

I f  t h e  inc ident  l i g h t  was not accura te ly  coll imated, 

k p a i r  of mirrors ,  arranged as  i n  F i g  18, tias p re fe rab le  t o  a wedge f o r  

ob ta in ing  t h e  re ference  beam. Here again, only ha l f  t h e  beam was ava i l ab le  

f o r  t h e  ob jec t .  Also, with t h i s  arrangement it was impossible to p lace  t h e  system 

on t h e  o p t i c a l  bench without exceeding a fl t h a t  gave images t h a t  were indis t inguish-  

a b l e  from t h e  background. 

A beam s p l i t t e r ,  pos i t ioned  as in  F i g  19 allowed use of t h e  e n t i r e  beam 

diameter f o r  t h e  ob jec t ,  although the  i n t e r n a l  r e f l e c t i o n s  o i  t h e  beam s p l i t t e r  

r e s u l t e d  i n  mul t ip le  images. 

f i l t e r i n g ,  but  geometry l i m i t e d  $ t o  a r e l a t i v e l y  l a r g e  zngle. 

The most s a t i s f a c t o r y  arrangement found thus  f a r  i s  shown i n  F i g  20. 

These mul t ip le  images were el iminated by s p a t i a l  

lL 

small prism and l e n s  were used i n  the  re ference  beam. The l ens  caused t h e  beam 

t o  be brought to  a focus and the pinhole minimized the  aber ra t ions  t h a t  were 

p re sen t .  The re ference  beam vas a t tenuated  somewhat, but  t h i s  was not a severe 

disadvantage,  s ince  a l a r g e  po r t ion  of t h e  beam i l luminated  the  ob jec t .  
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\!hen a d i f f u s e  mater ia l  vas placed between t h e  source and t h e  ob jec t ,  t h e  

ob jec t  was i l lumina ted  with diffuse coherent l i g h t .  

manner each po in t  of t h e  ob jec t  i l luminated t h e  e n t i r e  photographic p l a t e  and 

only a small p a r t  of t h e  hologram needed t o  be i l lumina ted  t o  recons t ruc t  t h e  

e n t i r e  image. 

of t h e  hologram i l luminated.  

TJith holograms made i n  t h i s  

The e n t i r e  reconstruct ion was observed with l e s s  than 4 p e r  cent  

This image was dim b u t  could e a s i l y  be recognized. 

Both f i r s t  o rder  images were focused on a photographic p l a t e  and recorded 

by using d i f f u s e  i l lumina t ion  of t h e  object  i n  t h e  arrangenent shown i n  F i g  20. 

This  e f f e c t  was s i m i l a r  t o  t h e  resu l t s  obtained uhen recons t ruc t ing  a Fraunhofer 

d i f f r a c t i o n  hologram2. However, i n  a Fraunhofer recons t ruc t ion ,  both images 

were focused i n  a s i n g l e  plane i n  space, vhereas t h e  images obtained i n  t h i s  

s tudy  were i n  focus i n  d i f f e r e n t  planes. 

i n t o  t h e  hologram as  i f  it were a window. 

Two images were observed by looking 

A l l  r econs t ruc ted  images observed thus  f a r  exh ib i t ed  an i n t e n s i t y  grad ien t .  

The f a r t h e r  a given poin t  of t h e  image was from t h e  cen te r  of t h e  zero order  

beam, t h e  l e s s  i n t ense  it became. 

f o r  recons t ruc t ions  of l a r g e r  objects .  

T h i s  l ack  of i n t e n s i t y  i ias most not iceable  

There was a s i g n i f i c a n t  amount of background l i g h t  superimposed on t h e  inage. 

This background had t h e  same Grainy appearance t h a t  one de tec t s  when coherent 

l i g h t  i l l umina te s  a sur face .  

The r e a l  images could be focused i n  any p lane  by ad jus t ing  t h e  co l l imat ing  

l e n s  of t h e  o p t i c a l  system. 

t h i s  l e n s  can be moved so  as t o  condense t h e  image t o  a small a rea  whicn i s  more 

i n t e n s e  than t h e  in-focus image.) 

(As an a id  i n  l o c a t i n g  very d i n  recons t ruc t ions ,  
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Future Work 

1,dditional i nves t iga t ion  i n t o  t h e  improvement of techniques i n  recording 

both t h e  hologram ant its reconstruct ion should r e s u l t  i n  higher  q u a l i t y  images. 

' The hologram has p o t e n t i a l  as  a decis ion making information f i l t e r  t h a t  is  

ab le  t o  t ransmit  pa t t e rns  similar t o  t h e  one t h a t  was used t o  make t h e  hologram 

and t o  f i l t e r  out  any o ther  pa t t e rns  present .  Inves t iga t ion  w i l l  be made i n t o  

t h e  d i sc r in ina t ing  a b i l i t y  of t h e  hologram, and t h e  manner i n  which va r i a t ions  

i n  s i ze ,  shape, and r o t a t i o n  of t h e  pa t t e rn  would a f f e c t  t h i s  c h a r a c t e r i s t i c .  

References 

D. Gabor, Proc. Roy. SOC. (London) k 1-97, 454, (1949) 

E. L e i t h  and J. Upatnieks, J. Opt. SOC. Am. 54, 1295 (1964) 2 



PRESSURE DETERMIMTION BY RAYLEIGH SCATTERING 

J. G .  Dodd 

Introduct ion 

This p r o j e c t  involves a mthe: ia t ical  i n v e s t i g a t i o n  of the f e a s i b i l i t y  of 

using Rayleigh s c a t t e r i n g  t o  deternine absolute  pressure.  Loser p rope r t i e s  

involving monochromticity,  e x t r e  iely high i n t e n s i t y  pulses ,  and t h e  hizhly 

col1i::iated nature  of t h e  e3iission have made poss ib l e  t h e  proposed app l i ca t ion  

t o  high vacuun neasurenent. Conbinations of t h e s e  p rope r t i e s ,  depending upon 

t h e  p a r t i c u l a r  node of operzt ion,  offer a p o t e n t i a l  LreakthrouLh i n  high 

vacuum neasure!nenis . 
The :iork perforned thus f a r  i n  t h i s  p ro j ec t  c o n s i s t s  of a mathe:aatical 

i n v e s t i g a t i o n  i n t o  t h e  f e a s i b i l i t y  of using Rayleigh s c a t i e r i n z  t o  determine 

t h e s e  aeasurenents of pressure.  

'.iork Perforned 

Several  studies1" shov t h a t  when a bean of l i g h t  i s  incident  on an 

assenbly of p a r t i c l e s ,  as sho:m i n  F ig  2 l a ,  t h e  i n t e n s i t y ,  I, of t h e  s c a t t e r e d  

l i ,h t  i n  e i t h e r  w a t t s / c v  or p!iotons/c~'/s i s  Given by -7 

2 7  
h i n  ; ihich k = - , CY i s  t h e  p o l a r i z a b i l i t y ,  i i s  t h e  ' o e m  area,  and IT i s  t h e  

ta rze t  a toq dens i ty  i n  nu,,iber/c .i3. The i n t e n s i t y ,  t a e r e f o r e ,  i s  independent 

of $8. 

I f  t h e  systetn i s  observed i n  the d i r e c t i o n  of p o l a r i z a t i o n ,  t h e  s c a t t e r i n g  

appears t o  be i s o t r o p i c  i n  t h e  plane. Figure 212, si10;is l i n e s  of constant 

i n t e n s i t y  viewed fro:n above ( t h e  r; axis extends out of t h e  page), and F i z  21c 

shows the  sme Lines vie:ied fro!?i the s i d e ( t h e  X a x i s  extends out of t h e  page) .  
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I f  t h e  s c a t t e r e d  l i s h t  i s  observed along t h e  d i r e c t i o n  of propagation, an 

i n t e n s i t y  p a t t e r n  i d e n t i c a l  t o  F i g  2 lc  can be seen.  The anpl i tude  of t h e  

s c a t t e r e d  l i g h t  r e f l e c t s  the  angular dependence of t he  p o l a r i z a t i o n  vec tor .  

The q u a l i t y  P i n  Fie; ?le must be ro t a t ed  by 90-S f r o a  P 

po la r i za t ion ,  because po la r i za t ion  is "conserved" and vaves a r e  always po la r i zed  

perpendicular ly  to t h e i r  d i r e c t i o n  of propagation. 

conponen-i of i n  the  d i r e c t i o n  perpendicular t o  r ,  o r  E (P,) s i n  8 .  Since 

i n t e n s i t y  is  propor t iona l  t o  the  Square of ariiplitude, 

, t h e  inc ident  beam z 

Therefore,  E(P)  must  be t h e  

Az L 

I cy E2 (P) = E2 (P 2, ) sin' 0 ( 2 )  

T h i s  equat ion i s  t h e  or iCin of t h e  sin2 9 tern i n  Zquetion 1. 

Rayleigh incoherent s ca t t e r in ,  is  a ho le l e s s  dougmut,  and it i s  sylnmetric t o  

t h e  p o l a r i z a t i o n  d i r e c t i o n  b u t  independent of t h e  po la r  anz le  PI. 

The p a t t e r n  f o r  

I n  order  t o  ob ta in  a f i x e d  solid anzle  of acceplance by t h e  de t ec to r ,  inore 

of t he  bea1:i can be observed xhen $ i s  c lose  t o  zero or n. 

inccherent  s c a t t e r i n g ,  :Ihicli i s  sa fe  f o r  ordinary becxs, m s t  be re-examined 

when it i s  used i n  connection v i t h  lasers3  because the  beh;vior i s  d i f f e r e n t .  

The v a r i a t i o n  i n  s ca t t e r iRg  as  a funct ion of # (:]hi& should show a minimum 

a t  # = 60') only amounts t o  approxiaately 20 p e r  cent of The t o t a l  i n t e n s i t y .  

There i s  another t e r n ,  of un8noTvn or ig in ,  which favors  s m l l  and l a r z e  $ ' s  and 

i s  as important as t h e  coherent ter,.:. 

t h r e e - t e r n  expression f o r  tlie s ca t t e r ed  in t ens i ty3 :  

The assulnption of 

Therefore,  ii i s  necessary t o  v r i t e  a 

x 0.48 H -  ) cos2 x -t I - ! H ( I i n c  ' Icoh syn 
I =  i 

is  an e a p i r i c a l  t e r n .  

The ordinary incoherent s c a t t e r i n g  t e r v  i s  unaffected by t h e  o the r  terms 

(which a r e  i n t r i n s i c a l l y  p o s i t i v e )  and the re fo re  represents  t h e  qinirnum 

s c a t t e r i n g  i n t e n s i t y .  

ignored f o r  t h e  present  tiiie. 

Ellthough Equations. 2 and 3 'nay be he lpfu l ,  they w i l l  be 
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The next phase of t h i s  inves-LiLation involved t h e  c a l c u l a t i o n  of a n t i c i p a t e d  

If a bean of nonochi-oratic l i g h t  of vavelength h i s  d i r e c t e d  i n t o  a photon f l u s .  

gas of p o l a r i z a b i l i t y  CY and nolecular dens i ty  N/cr,i3, then t h e  l i g h t  f l u x  equals  

AIo, :ihich equals P photons/s. 

I l i g h t  pipe,  such as  the  one shown i n  F i g  222, :?ill Gather a l l  of t h e  l i g h t  

s c a t t e r e d  froin t h e  bean and d e l i v e r  it t o  t h e  phototube T,rith t h e  e f f i c i ency ,  c ,  

: i i th  t h e  only l o s s  of l i g h t  beinG out of t h e  end;. The trumpet-shaped l i g h t  

pipe i s  s o l i d  l 2 c i t e  and i s  conyleiely s i l v e r e d  on t h e  ou t s ide .  The hole i n  t h e  

apparatus nust be a l l  t h e  :iay tiirouC;h t o  adn i t  t h e  bea'i and should have a diabaezer 

of one cn. 

This l i g h t  pipe has t h e  fo1lo:iin; advantages: (1) 111 of t h e  en te r ing  

l i z h t  i s  e f f e c t i v e l y  trapped; (2)  s c a t t e r e d  l i g h t  frorii t h e  ouLside cannot en te r ;  

( 3 )  t h e  l i g h t  pipe can be ande on 2 l a the ;  and ( 4 )  it i s  conpact and easy t o  

punp dom.  It i s  not bel ieved t h a t  t h e  shape of t h e  l i z h t  p ipe  i s  too  c r i t i c a l .  

Since t o t a l  i n t e r n a l  r e f l e c t i o n  i s  1xore e f f i c i e n t  thm specular  r e f l e c t i o n ,  one 

should t r y  t o  oLtain it as of;en as poss ib l e .  

The f l u x  de l ive red  LO t h e  p i io tonul t ip l ie r  r i i l l  be 

k4 cl.2 sin' e dadv 
r2 F = eP (4) 

i n  vhich 1 i s  t h e  i n t e r n a l  arez of the hole;  and dv = a b ,  Tihere a i s  t h e  bean 

c ross - sec t ion .  

The i n t e g r a t i o n  can be se t  dp i r o a  F i g  22b; then  t h e  contr ikut ion from dv 

i n t o  da : T i l l  be 

0 

(x+z)L' i- p l  cos p = 
J 
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Thus - -  L L  
COS'? 8 d 0 dxdz F = ca N I ~  k4 o? o2 (x+z>' + p z  

Carrying out t h e  in t eg ra t ion ,  

F = 2n a E N I ~  k4 s [ JW i\- ..' 0 1 (7) 

Ioa is  t h e  bean f l u x  i n  photons/s. The f lux ,  F, vhich i s  s c a t t e r e d  i n t o  t h e  

de t ec to r ,  i s  a l s o  i n  photons/s. 

It is  known t h a t  even t h e  bes t  photon d e t e c t o r  has some quantum e f f i c i ency ,  

q, and noise  l e v e l ,  n pnotons/s. The de tec ted  f l u x  i s  

F d = qF (8) 

I f  t h e  least  count of t h e  system t o  be given by t h e  flus, F, v i 1 1  generate 

a 2:l ( s i g n a l  + noise) /noise  r a t i o ,  then 

Fd + n qF + n 
=;I - - 

n n (9) 
n 
9 

F min = - ; t o  determine t h e  lowest detecxable pressure:  

(10) 
n - - 

(N).nin 2 m p e  N I o  k4 c+ L J L ~  + p z  - p~ 

hc h Exatiple: I f  a one-vatt  cv l a s e r  i s  used, then (102) - = 1; Ioa = - . 
Since 1 = 6328 A 

A nc 
0 

f o r  a He-Ne laser, 

Ioa = 2.86 x 10l8 photons/s 

It \/ill be assurned t h a t  c= 0.5; q and n ere given4 as - . . 0 5  and 2Pj counts/s 

r e s p e c t i v e l y  f o r  the cooled 3558 photomultiplier.  

I n  o rde r  t o  c a l c u l a t e  t h e  p o l a r i z a b i l i t y ,  t h e  f c l l o u i x g  relation4'  can 

be used: 

n2 - 1 = 4 7~ cc 
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For nitrogen, as well as most gases a t  N.T.P., n z 1 .  

Thus n2 - 1 = ( n - I ) ( n + l )  -L- 2(n-1) 

Hence n - l = 2 r r ~ u  

n- 1 
2 rrN 

a = -  

For n i t r o ~ e n ~  a t  760 rim, 0' k, n-1 = 2.919 x and Id = 2.78 x lo1' cm 3 . 

Thus CI = 1.67 x cn3 (14) 

Assume t h a t  L = 30 cm and p = 1/2 ca. Then 

I n s e r t i n 5  t h i s  i n t o  Equation 10, 

= 8.6 s 10' aolecules/cm3 = 2.3 x mn (*)min 

This r e s u l t  i s  deceivinz f o r  tvo reasons: i n  t h e  f i r s t  place,  t h e  e n t i r e  

s y s t e g  i s  absolutely optimuq, and secondly, t h i s  i s  a l e  t count f i g u r e .  Tlie 

p ressure  could be de tec t ed  but not measured. 

15  counts/s above a background of 1 5  counts/s.  

The count ra te  would be approximately 

High-power pulsed lasers o f f e r  another p o s s i b i l i t y  f o r  iriproved perforaance.  

If t h e  laser frequency i s  doubled, r e s u l t i n g  i n  an e f f i c i e n c y  of 0 .2 ,  then t h e  

1 
7 power Rayleigh law can be employed t o  produce a ne t  p i n .  h 

changed by t h i s  procedure: 

number i s  halved with t h e  conversion e f f i c i e n c y  of 0.2 ,  (2)  t h e  Rayleigh cross- 

s e c t i o n  i s  up by 16, and ( 3 )  the quanturn e f f i c i e n c y  of t h e  photomult ipl ier  nay 

be raised DS high ca 0 . 2 ;  

Three f a c t o r s  are 

(1) t h e  photon f l u x  i s  down t o  0.1, i . e . ,  t h e  photon 

Tkc noise may be lower for b lue - sens i t i ve  c e l l s  a lso,  

bu t  t h e r e  i s  no in fo rna t ion  avai lable  on t h i s .  I n  any case, t h e  ne t  result i s  

t h e  changing of (N) by t h e  factor .  min 

i n  IJhich the subscr ipted q u a n t i t i e s  are 

t h e  nev q u a n t i t i e s  are not subscripted.  

thc o r i g i c o l  ones €or 6328 8 'z'.t, and 
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The r e s u l t i n g  gain i s  l a r g e r  than one order  of magnitude. 

T h i s  problem i s  e s s e n t i a l l y  a s t a t i s t i c a l  one. The least count of t h e  

system, Nj i s  determined by t h e  r e l i a b i l i t y  w i t h  :~hich  Equation 9 can be evaluated. 

The noise  ccunt r a t e ,  n, and t h e  s igna l  count rate, F, are s t a t i s t i c a l  q u a n t i t i e s .  

I f  t hese  q u a n t i t i e s  follow t h e  Poisson d i s t r i b u t i o n ,  t h e  probable devia t ion  i n  a 

nean count of no w i l l  be /no In  o ther  words, i f  t h e  noise  r a t e  i s  15 counts/s, 
-6 . 

t h e  rrns devia t ion  t h a t  i s  expected i n  a one-second count i s  + 4 counts /s .  One - 
must  go t o  higher i n t e g a t i n g  periods i n  order  t o  ob ta in  b e t t e r  s t a t i s t i c s .  The 

fol lowing equation i s  required i f  a one per  cent devia t ion  i n  t h e  count r a t e  

of a 2:l s +n/n r a t i o  of 30 counts/s and a devia t ion  of one pe r  cent of 30 = 0.3 

counts or + 3 counts out of 300 a re  desired.  - 

n = io-* n2 

n = io4 (17) 

L t  30 counts/s,  a data- taking time o f d 3 5 0  s (about s i x  Zinutes)  i s  required.  

The i tmediate  question is  whether o r  not an improvement can be obtained 

by using a @spoi led  laser with coincidence c i r c u i t r y .  

i n v e s t i g a t e d  w i t h  t h e  u s e  of a one Joule, O,-spoiled l a s e r  pu lse  of 3 x 

width. 

the p r o b a b i l i t y  of f ind ing  even one n o i s e  pulse  i n  such a s!nall i n t e r v a l  is  

This p o s s i b i l i t y  could be 

s .  

Noise may be neglected because, a t  a noise  l e v e l  pulse  r a t e  of 15/s, 

extremely small. 

The flux t h a t  t h e  de t ec to r  observes w i l l  be that vhicli i s  s c a t t e r e d  by one 

watt-second (1 jou le )  of i r r a d i a t i o n  by t h e  one :.iatt l a s e r  discussed previously.  
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A s  vas poin ted  out  i n  Equation 16, t h i s  f l u x  f o r  a pressure  of 3 . 6  x 10-'mm Hg 

( including t h e  ga in  by doubling) i s  only 15 counts a t  t h e  read-out counter .  

The requirement of one pe r  cent  deviat ion i n  t h e  s + n count nurnber i a p l i e s  

approximately 1.2 pe r  cent  s tandard dev ia t ion  i n  each equal s and n count r a t e .  

This  devia t ion  i s  exac t ly  the  same that might be expected i n  - = 33.3 pulses  

of t h e  Q-spoiled l a s e r .  One pulse, y i e l d i n g x 1 5  counts of s c a t t e r e d  r a d i a t i o n  

500 
1.5 

a t  3.6 x lo-' mm, would have an uncer ta in ty  of - + 4 counts.  The above uncer ta in ty  

i s  f o r  a noise- f ree  15 count s igna l .  

Therefore,  t he re  i s  no t h e o r e t i c a l  advantage i n  Q-spoiled l a s e r s  with 

coincidence c i r c u i t r y  over CII techniques, although t h e r e  mny be a p r a c t i c a l  

advantage. Uncooled photomult ipl iers  have high dark curren ts ,  i n  vhich typical  

f i g u r e s  are equivalent  t o  seve ra l  thousand counts/sec; and C:J techniques 

obviously r equ i r e  cooling. Pulse  l a se r s ,  however, can use ga t ing  pulses  of 

/v1 IJ,  sec .  t o  t u r n  on t h e  photomult ipl ier ;  and i n  t h i s  per iod  of time t h e  

p r o b a b i l i t y  of admit t ing a s i n g l e  n o i s e  pulse ,  even for an uncooled photo- 

m u l t i p l i e r ,  is  less than one. I n  addi t ion,  t h e  pho tonu l t ip l i e r  w i l l  not  

r e so lve  t h e  s i g n a l  pulse ,  uhich w i l l  appear a s  a l a rge  pulse compared ri i th 

noise  pulses. Therefore,  pulse height d i scr imina t ion  can be used. 

The d i f f e r e n t i a l  cross-sect ion f o r  a s c a t t e r i n c  process such as Rayleigh 

s c a t t e r i n g  i s  def ined by the  equation 

. cu2/unit s o l i d  angle do - 1 I r2 - _ -  - 
dW N Io 

From Equation 1, t h e  r i g h t  s i d e  can be w r i t t e n  i n  terms of t h e  p o l a r i z a b i l i t y ,  

wave number, and angle 0 as: 

The t o t a l  c ross -sec t ion  f o r  Ray le igh  s c a t t e r i n g  through any angle i s  
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kccording t o  t h e  t e r m  i n  e i t h e r  Equation 13 o r  20, t h e  i n t e n s i t y  p e r  

u n i t  bean volume llhicii i s  s c a t t e r e d  i n t o  a u n i t  s o l i d  angle (Iw) or i n t o  a 

417 s o l i d  angle  (I) can be m i t t e n :  

I = CJ NIo ( 2 W  t 

I n  Equations 21a and 21b t h e  p a r t i c l e  p i c t u r e  of r a d i a t i o n  i s  considered, 

and Io i s  i m q i n e d  as being rneasured i n  photons/s/ca'. Therefore, CJ or - do t do 

represent  t h e  apparent "size" of the molecule as seen by t h e  incoming photo.1. 

I n  Equation 19 or 20, t h e s e  parameters are seen as apparently smooth funct ions 

of t h e  wavelength; although this condition i s  t r u e  only irhen t h e  p a r m e t e r s  

Ere far from c h a r a c t e r i s t i c  exc i t a t ion  energies .  I n  general  it m u s t  be wr i t t en :  

J 
fk /"':c 2 21 - ] (22) 

1 k 

F - - - X l . ; ;  k 

!< 

ro2 - -  87 - - -  
3 

i n  vhich t h e  o s c i l l a t o r  s t r eng ths ,  f , are t h e  p r o b a b i l i t i e s  t h a t  i f  an e l e c t r o n  

i n  t h e  aolecule  undergoes a t r a n s i t i o n  f r o n  an i n i t i a l  state, it will go t o  t h e  

k t h  s ta te .  Obviously then 

x 

s i n c e  i t  m u s t  60 t o  some s t a t e .  

k k  f = 1  (234  

(23b) 2 fk = z, 
If t h e  nolecule contains  E, electrons,  then 

7 
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e* 
The parameter r o  = i s  t h e  c l a s s i c a l  radius of tile e l ec t ron .  In 

Fquation 22, t h e  hl, nre  c h a r a c t e r i s t i c  absorption l i n e s  or bands, and t h e  

i r r a d i a t i n z  ucvelength i s  la. Three i n t e r e s t i n g  cases are sho:in be lo:^. The 

1, 4 

Physical ly ,  such a s i t u a t i o n  can arise only i f  lo:{ energy t r a n s i t i o n s  

predoninate.  The extreme c x e  i s  the f r e e  e l ec t ron ,  i n  vhich a l l  A, are zero. 

Thus 

IC 

ro2 z12 (25) 
8n (a ) e l e c t r o n  = - 

t 3 
This equation i s  t h e  Thompson s c a t t e r i n g  cross-sect ion f o r  free e l ec t rons ,  and 

it i s  independent of incident  wavelength. 

The second case arises i f  A,, <GO- I n  t h i s  case t h e  numerator and 

deno:,iinator of t h e  f r a c t i o n  under sunnation by A 

by t h e  binomial series to ob ta in :  

are n u l t i p l i e d  and expanded 
k 

rihich i s  Rayleigh s c a t t e r i n g .  

The t h i r d  cilse of fe rs  t h e  r,iost i n t e r e s t i n g  p o s s i b i l i t y  f r o n  t h e  point  of 

vie:i of gas de t ec t ion .  

dominate t h e  sun, and ( c a l l i n g  t h i s  p a r t i c u l a r  t r a n s i t i o n  t h e  k th)  

I f  one of the h l i e s  close t c  10, t h e  I L , ~  tercl r r i l l  
!r 1L 

which i s  a funct ion having t h e  shape shown i n  F ig  23. 
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The cross-sec t ion  near  one of the h i s  the re fo re  l a r g e  and t h e o r e t i c a l l y  k 

i n f i n i t e .  T h i s  condi t ion might be a u se fu l  gas ana lys i s  io01 a t  lor1 gas 

d e n s i t i e s  i f  l a s e r  :iavelengths t h a t  a r e  s u f f i c i e n t l y  c lose  t o  a A, can be 

chosen. I n  order  t o  gain saxe idea of hori c lo se  such a riavelength i n t e r v a l  

6 

- ho misht have t o  be, one riould nave t o  kno;i t h e  ? L , ~  spectrum and t h e  
1L 

assoc ia t ed  f ,  . For example, one a i @ t  g e t  c lose  enough t o  a p a r t i c u l a r  h 
d k 

t h a t  t h a t  term, i n  the s u a  of Bquation 22, vould be t e n  ti:;ies i t s  n o r m 1  

Rayleigh value,  and it s t i l l  xielit be s : in l l  conipared t o  o the r  t e r m  t h a t  

dominate t h e  s c z t t e r i n g  because of 1ar;;e a s soc ia t ed  f . Nevertheless,  any 

t r a n s i t i o n  a c t i v e  enou~i i  t o  be o p t i c a l l y  iinportant i s  probably s t r o n z  enouGh 

IC 

t o  be usefu l .  In  p r a c t i c e ,  of course,o does not go t o  i n f i n i t y  a t  A, s ince  

l i n e  :iidths a r e  eppreciable ,  and i h e  above ana lys i s  i s  co r rec t  only f o r  in -  

t d 

f i n i t e l y  narrov l i n e s .  

In  the  above inves t iga t ion ,  the bas i c  Rayleigh sca-iterin;: equations 

(Equations 1, 19,  20, and 21) have been l i s t e d  and one exanple has been given 

of a d e t a i l e d  s e n s i t i v i t y  ca lcu la t ion  t h a t  assurnes a reasonable l i g h t  c o l l e c t i o n  

sys t en .  :/hatever geometry i s  chosen, t h e  ca l cu lc t ion  of co l l ec t ed  l i g h t  f l u x  

m::t proceed along the  l iner,  l a i d  out i n  Equations 4 through 12. 

t h e  s e n s i t i v i t y  ca l cu la t ions  ca r r i ed  out  i n  Equations 13 through 17 a r e  

S i x i l a r l y ,  

b a s i c a l l y  the same f o r  ally sys ten  o i  this type;  only t h e  nu1:iljers v i 1 1  change. 

The i n e v i t a b i l i t y  of s t a t i s t i c a l  v e r i a t i o n  of recorded counis, even 

neg lec t ing  sys t en  noise ,  should be enpiiasized. “ , isnals  a r e  cluays made of 

quanta and they appear continuous only a t  high l e v e l s .  i,t low l e v e l s ,  t hese  

i n d i v i d u a l  counts a r e  as rando:.i as those froln a decaying rad io iso tope ,  and 

t h e r e f o r e  they  r equ i r e  t h e  sayie s t a t i s t i c a l  require’sents .  

expected i n  n counts i s  /n, and there  i s  no \fay t o  if.iprove the  accuracy of such 

The s tandard devia t ion  
- 

a s y s t e a  except by increas inz  n. T h i s  r e s t r i c t i o n  a r i s e s  even i n  a pe r fec t  

no i se - f r ee  de t ec t ion  systela. 



The Reyleizh study by :!atson 2nd Clark7 f inds  no evidence of coherent 

scn t te r in=;  e f f e c t s ,  and t h e  c l m s i c n l  Rayleigh s c a t t e r i n g  pnt ie rn  i s  f u l l y  

v e r i f i e d .  

: i i t h  t he  enclosed report  o r  t i i t h  i t s  open l i t e r a t u r e  vers ion.8 
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TEIPORf.RILY SUSPENDEb PROJECTS 

A Fas t  2nd 1.ccurate ;Jeans of ,i.d,justing Gas F lo :~  Rate 

This pro jec t ,  as rias descr ibed in a previous r epor t ,  i n  riiiich a gas €lor/  

rate uas measured by riieans of t h e  Doppler frequency s h i f t  of l i z h t  r e f l e c t i n 2  

f r o a  t h e  sur face  of a niovin; gas bubble, has been t e u p o r a r i l y  suspended. Thin 

suspension Lias done i n  order  t o  allow f u l l  t i n e  concentrzt ion on t h e  hologra3 

p r o j e c t ,  and it w i l l  be r e i n s t z t e d  as quickly an poss ib l e .  

! C e l l  f o r  Ileasurinc; t he  Iiiclex of Refract ion of Liquids 

The aa in  body of t h e  proposed pro jec t  of inves t igzxing  and developing a 

c e l l  capable of measuring s-iall c h a n ~ e s  i n  t h e  index of r e f r a c t i o n  of l i q u i d s  

vas descr ibed  i n  a previous r e p o r t .  

suspended i n  order  t o  give nore enphasis t o  t h e  holograni p r o j e c t .  

Since then the  p r o j e c t  has been t enpora r i ly  

i . l thou& a fer,] minor problens have been encountered, they a r e  not d i f f i c u l t  

enough t o  cause cance l l a t ion  of t h e  pro jec t ,  and a d d i t i o n a l  xork on it v i 1 1  be 

continued as soon as poss ib l e .  



CANCELLED PROJECTS 

MOFENTUi’4 DETECT OR 

P. C .  McLeod 

Introduction 

l!hen a laser bean i s  ernployed i n  a Lypical i n t e r f e r o a e t e r ,  small nioveraents 

of t h e  r e f l e c t i n g  a i r r o r s  can be observed as in t e r f e rence  f r i n g e s ,  which occur 

r ap id ly  i f  t h e  v e l o c i t y  of t h e  r e f l e c t i n g  su r face  i s  high. For example, i f  t h e  

r e f l e c t i n g  su r face  i s  inoving tovard t h e  laser beam a t  a ra te  of one centiixeter 

p e r  second,the f r i n g e  ra te  :iould be approximately j0,OOO f r i n g e s  p e r  second. 

(This technique, of course, is  t h e  Doppler method oi sieasuring v e l o c i t i e s .  ) 

If‘ t h e  rnovernent of t h e  r e f l e c t o r  vas due t o  a c o l l i s i o n  betrleen t h e  r e f l e c t o r  

and a small p a r t i c l e ,  tile v e l o c i t y  of t h e  cornbined p a i r  could be cnonitered as 

L Doppler frequency s h i f t ,  r e s u l t i n g  i n  a t e f f e c t i v e  measure of t h e  inomentua of 

t h e  p a r t i c l e  t h a t  caused t h e  r e f l e c t i n g  su r face  t o  be disturbed, provided t h e  

c h a r a c t e r i s t i c s  of t h e  ref l e c t o r  are kn0i.m. 

! !ork Perf orned 

The experimental apparatus :;as set  up as shom i n  F i g  24. There was one 

l i m i t a t i o n  a t  t h e  time t e s t i n s  began, t h a t  being t h e  frequency response of t h e  

photodetector  and i t s  supporting e l ec t ron ic s .  dince it i s  d e s i r a b l e  t o  keep 

t h e  e l e c t r o n i c s  i n  t h e  RF range, the r e f l e c t o r  v e l o c i t y  should never exceed 

100 aeters/second, which i s  equivalent t o  approximately 300 aegacycles/second 

frequency s h i f t .  During t e s t i n g ,  however, a second and ex t r exe ly  severe 

l i g i i t a t i o n  appeared. This l imi t a t ion  involved the  i n a b i l i t y  t o  a a i n t a i n  

o p t i c a l  a l ignnent  during the t i a e  t h a t  t h e  r e f l e c t i n g  surface,  i n  t h i s  case a 

diaphragm, :]as being de f l ec t ed .  The ser iousness  of t h i s  problein nay be seen by 

t h e  f a c t  t h a t  t h e  t e s t  v e l o c i t i e s  ; /ere on t h e  o rde r  of 190 cn/second or roughly 
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one g e r  cent of t h e  a l lovable  m a x i m a  ve loc i ty .  The p a r t i c l e s  used riere s p h e r i c a l  

: i i t h  a mass range of 2 t o  122 milligrams r e s u l t i n g  i n  a range qomenta f r o a  

9.17 i o  14.00 dyne-centirlleters. 

e f f e c t s  could be observed Yvas vhen the p a r t i c l e  h i t  t he  diaphragm a t  the  center  

of t h e  l a s e r  bean so  t h a t  t he  bea.3 alignment was not l o s t .  Under these 

The only tiqie durinc the t e s t s  t h a t  Doppler 

condi t ions sens i t i ve  neasuremenLs of moaentua can be acco!nplished but the  

device depends upon an extrexely sma l l  sarnpling aren.  One of t h e  nethods 

exployed t o  remedy t h i s  problen was d i f fused  beam techniques; hovever, under 

a l l  conditions,  i n t e n s i t y  changes due t o  l o s s  of a l ignaent  riere ser ious .  

Conclusions 

Methods ernployed i n  existinc momentum de tec tors  were revie:led t o  see i f  

l a s e r  techniques could be incorporated. It i s  doubtful  t h a t  t h e  use of a l a s e r  

uould increase the  s e n s i t i v i t y  o r  range of neasurexents enough t o  warrant the 

c d d i t i o n a l  complication necessary t o  incorporate  a l a s e r  i n t o  e x i s i t n g  devices.  

Therefore it was decided t h a t  t h i s  inves t iga t ion  should be terminated, even 

though a grea t  dea l  of experience was gained i n  observing moving bodies by 

in te r fe rometr ic  methods. 

s ince  it allovs the  measurenent of the ve loc i ty ,  displaceaent and period of 

a v i b r a t i n g  body a t  considerable distances and requires  only the  r e f l e c t i o n  

of a l a s e r  bean t o  achieve these measure5ients. 

Other uses of t h i s  techcique v i 1 1  be considered 



VAFKLI.BLE OPTICAL DELAY LINE 

J. McElroy 

In t roduct ion  

A v a r i a b l e  o p t i c a l  delay l i n e  vas proposed t o  be b u i l t  u t i l i z i n g  niult iple 

r e f l e c t i o n s  betueen a p a i r  of plane, f r o n t  sur face  mirrors  s i t u a t e d  i n  a 

p a r a l l e l ,  f ace  t o  f ace  configurat ion as shown i n  F i g  25. 

ray  of l i g h t  inc ident  on a i r r o r  1 a t  an angle fl x i 1 1  be r e f l e c t e d  a t  

t h e  sane angle .  

mirror  2 a t  t h e  sane angle .  

Since t h e  n i r r o r s  a re  p a r a l l e l ,  t he  ray  vi11 be inc ident  on 

%lie d is tance  t r ave led  by t h e  rc2y during one round t r i p  (t:io r e f l e c t i o n s )  

2d . During t h i s  ti!:le the  ray :]ill be d isp laced  ho r i zon ta l ly  f r o n  t o  

The nunber of round t r i p s  t h a t  tae beam ciakes 

i s  - 
B, t h e  d is tance  being 2d t a n  $. 

cos $3 

7 L :jhere L i s  the  d i s t ance  from L t o  C .  2d t a n  ’ bet:ieen P, and C i s  given by 

The t o t a l  d is tance  t r a v e l e d  by t h e  ray i s  t h e  nurnber of round i r i p s  t i n e s  t h e  

d i s t ance  t r a v e l e d  per  round -tip, or  S = 7 L 2d = sin L pl The time 2d t a n  - L 
r equ i r ed  t o  t r a v e l  t h i s  d i s tance  is  t = 

ltrcrk Performed 

:]here C i s  t h e  v e l o c i t y  of l i g h t .  c s i n  

A p a i r  of ad jus tab le  mirror uounts vas f a b r i c a t e d  and a t t e n p t s  :{ere made 

t o  c r e a t e  a p red ic t ab le  delay.  It :/as found t h a t ,  i n  order  f o r  a l l  t h e  r e f l e c -  

t i o n s  t o  remain i n  a plane perpendicular t o  the  r e f l e c t i n g  surfaces ,  t h e  u i r r c r s  

had t o  be of high qua l i t y  and adjusted c r i t i c a l l y .  

The p o s s i b i l i t y  of usinG spher ica l  mirrors !]as inves t iga ted ,  b u t  i t  vas 

found t h a t  I h r n i t z l  had used a s i  , i i lar  mexhod involving sphe r i ca l  wirrors  v i t h  

good results. Tlith this i n f o r m t i o n  the  p ro jec t  becasie a reduct ion t o  p rac t i ce  

and t h e  e f f o r t  vas t e rn ina ted .  

Reference 
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INVESTIGATION OF LASER AND DIAPHRAGM AS PRESSURE TRANSDUCER 

C .  Young 

Introduct ion 

The p rope r t i e s  of coherence of a laser and t h e  ease of developing i n t e r -  

ference f r inges  as a funct ion of displacement appeared t o  be a convenient way 

of Gathering information froni a pressure t ransducer  vhen t h e  displacement of 

a surface was a funct ion of t h e  pressure.  

The form of t ransducer  chosen for i nves t iga t ion  uas a c i r c u l a r  membrane 

bounded at t h e  c i rcuaference.  

t h a t  of e l e c t r o s t a t i c  fo rce  and a sound coupled d r i v i n s  system using a loud 

;.lethods of e x c i t a t i o n  t o  be inves t iga t ed  included 
r 

speaker d r i v e r  u n i t .  Sound coupling requires t h a t  t h e  environment of t he  

t ransducer  and t h e  speaker be able  Lo propagate sound i n t e n s i t i e s .  

: !ork Performed 

r. study of diaphragn niathematics vas undertaken i n  order  t o  provide 

in fo rna t ion  f o r  a p re l iQ ina ry  des ip .  Since no p a r t i c u l a r  advantages i n  

diaphragn shape o r  s i z e  could be determined from t h i s  inves t iga t ion ,  a 

c i r c u l a r  diaphragm was chosen i n  preference t o  a rectangular  form, s ince  t h e  

d r i v i n g  s o w c e  ava i l ab le  was nore s u i t a b l e  t o  a c i r c u l a r  shape. 

The diaphragn momt provided a rneans of varying and rneasuring diaphragm 

s i z e  and tens ion .  

inches i n  diameter. 

Hastings Company, vhich vas 0.001 inches t h i c k  and aluiiiinized on both s ides .  

Varying thicknesses  of mylar are ava i lab le .  

Diaphragms used ranged from one and three quar te rs  t o  fou r  

The membrane vas made frorn mylar, manufactured by t h e  

The remainder of t h e  assembly cons is ted  of a 16 ohm 30 watt speaker 

d r i v e r ,  which was employed as one of t h e  dr iv ing  u n i t s ;  s tandard o p t i c a l  

supports ;  s i g n a l  generators and matching ampl i f ie rs .  The func t iona l  block 
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diagram of the  experimental apparatus i s  shown i n  Fig 26. 

da t a  obtained f r o n  t h e  primary node of a c i r c u l a r  diaphragn. 

Figure 27 shows t h e  

The mass of t he  mylar was r;ieasured and found t o  be 9-24 mg/cn", and t h e  

f i rs t  diaphragm t h a t  was t e s t e d  vas 3-7/8 inches i n  diameter.  

on the  diaphragn vere explored and the d a t a  vas photozraphed. 

frequency vas 460 cycles/sec.  and 90 f r i n g e s  were produced at resonance. 

Various po in t s  

The resonant 

6 smaller  diaphragm of 2-1/4 inches  i n  diameter vas examined i n  t h e  same 

manner as t h e  above and vas found t o  have a resonant frequency of 760 cycles/sec.  

and t o  produce 30 f r i n g e s  at resonance. 

It i s  apparent t h a t  t he  l a r g e r  t h e  !nenbrane diameter,  the g r e a t e r  the  

nunber of b i t s  of information (90 vs 30 from t h e  above exat;iples) t h a t  a r e  

ava i l ab le  f o r  t h e  measurenent of t h e  displacement.  

t h a t  many more b i t s  of information would be requi red  to measure pressure  

seve ra l  orders  of magnitude below atmospheric. 

necessary information a vembrane or  d i a p h r a p  would have t o  be l a r g e r  than 

i s  p r a c t i c a l  f o r  a usefu l  transducer. 

ILr.iever, i t  does appear 

I n  order  t o  provide t h e  

The resonance of t h e  diaphragm vas e z s i l y  deternined s ince  a m a x i m u m  

number of i n t e r f e rence  p a t t e r n s  as a func t ion  of frequency were observed 

vhen the  laser beam vas aodulated by t h e  displacenent  of the  diaphragm. 

Higher modes were observed vhen t h e  diaphragn was v i b r a t i n g  at f requencies  

o t h e r  than the  fundamental. 

:]hen t h e  diaphragm was e i t h e r  over-driven o r  not  o r i en ted  normal t o  t h e  d r i v e r .  

It was found t h a t  when the  speaker vas al igned off axis ,  higher modes of v ibra-  

t i o n  appeared on t h e  diaphragm surface. 

t h e  diaphragm tias accomplished, a vide range of e x c i t a t i o n  d is tances  d i d  not  

appear t o  e x c i t e  extraneous modes and t h e  fundanental  diaphragm node was 

maintained. 

In  some ceses higher order  v ib ra t ions  appeared 

Vhen normal a l ignuenl  t o  the  sur face  of 
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Conclusion 

A number of problems Lias discovered i n  the course of t h e  p ro jec t .  Over- 

dr iv ing  of t h e  diaphragm appeared t o  cause multiple iiodes, d i s t o r t i o n  i n  t h e  

output siGnal, and beats  within the interference pa t t e rn .  These movements could 

p o s s i b l s  be determined as liarping of the membrane and movenents o ther  than 

s inp le  concentr ic  Bessels nodes. The a c t u a l  proper t ies  of t h e  diaphragm when 

over-driven have not been deternined, b u t  it i s  believed t h a t  higher modes of 

v i b r a t i o n  become doainant enough t o  cause da ta  d i s t o r t i o n .  The d i s t o r t e d  

inforna t ion  was considered unre l iab le  although more information b i t s  were 

ava i l ab le .  

t h e r e f o r e  would not be s u i t a b l e  f o r  display o r  r e l i a b l e  da ta .  

Each v ibra t ion  vas not a r ep l i ca  of the  previous v i b r a t i o n  and 

Several  attempts t o  u s e  e l e c t r o s t a t i c  coupling on the mylar membrane 

r e s u l t e d  i n  :!hat appeared t o  be the a t t r a c t i o n  of the mylar onto t h e  vol tage 

source.  Approximately 1500 v o l t s  were used both as time varying and DC. ?/hen 

s a f e  d is tances  between the n y l a r  and the e l e c t r o s t a t i c  e lec t rode  were used, t h e  

fo rces  were too small t o  get  su f f i c i en t  displacement t o  allow t h e  measurenent 

Of p ressure  loading by t h e  a i r .  k c o r d i n g  t o  ca lcu la t ions ,  t h e  cont r ibu t ion  

Of gas d e n s i t i e s  add l i t t l e  t o  t h e  dimping c h a r a c t e r i s t i c s  of t he  menibrane, 

providing t h a t  high modulating voltages at t h e  resonant frequency a r e  used. 

Bas i ca l ly  then, l i t t l e  change i n  interference f r i n g e  rate could be expected 

of a sys ten  of this Bind :Jhen used as a pressure t ransducer .  

Froa the  above information and the kno:lledge of t h e  aathematical  parameters, 

i t  i s  bel ieved t h a t  t he  nechanics and techniques are unique and r e l i a b l e  within 

a l i n i t e d  range of accuracy. It i s  also believed, hoxever, that  with a d i a n e t e r  

of approximately 4 inches a t  s t a n d a d  a i r  pressure,  30 b i t s  of information i s  
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not enough t o  descr ibe pressure dovn t o  the  mm range i n  any detai l .  

damping e f f e c t  of a i r  pressure i s  not a l a rge  enouzh f a c t o r  t o  cont ro l  t he  

v i b r a t i o n  amplitude and frequency. Because of this information and t h e  

problems l i s t e d  above, it was decided t o  terminate t h e  p ro jec t .  

The 



MEASUREMENT OF THf3 INDEX OF W R A C T I O N  OF GASES 

C .  11. Young 

Introduct ion 

Sone of the  e a r l i e s t  and nost accurate  methods of measuring t h e  index 

of r e f r a c t i o n  of gases u t i l i z e d  i n t e r f e r o n e t r i c  techniques.  

continuous gas l a s e r  i s  r ead i ly  appl icable  t o  tile var ious types of i n t e r -  

ferometry, it was proposed t h a t  it a i g h t  be poss ib l e  t o  increase  t h e  accuracy 

of some of t h e  present  measurenents by f a b r i c a t i n g  an accurate ,  p rec i se  

in te r fe rometer  w i t h  a l a s e r  as the l i g h t  source.  

Vork Performed 

Since t h e  

During t h e  inves t iga t ion  it vas learned t h a t  many t i n e s  it was not t he  

in te r fe rometer ,  but t h e  cont ro l  of ternperature and pressure  t o  p rec i se  values  

t h a t  l i m i t e d  t h e  accuracy of the  neasurement. It has been ca l cu la t ed  t h a t  it 

would be necessary t o  con t ro l  t he  temperature t o  within 0.001 dep-ees centiGrade 

t o  improve t h e  accuracy of present  values. A s tudy of many d i f f e r e n t  types of 

i n t e r f e r o n e t e r s  and experimental uork v i t h  s eve ra l  d i f f e r e n t  configurat ions 

vere  performed i n  order  t o  d e t e m i n e  i f  t h e r e  might be a p a r t i c u l a r  type of 

i n t e r f e r o n e t e r  t h a t  vould apply i t s e l f  t o  t he  measurement of index of r e f r ac -  

t i o n  of gases i n  which t h e  environment of t h e  gas sample c e l l  could be c lose ly  

c o n t r o l l e d .  A s a t i s f a c t o r y  so lu t ion  has not been found and s ince  t h e  problen 

has become an inves t iga t ion  of environmental con t ro l  nethods, t h e  p ro j ec t  has 

been t e rn ina ted .  

A l a r c e  amount of usefu l  information r e l a t i n g  t o  in te r fe rometers  and 

in te r fe rometry  technique was Gained clhile perf orning this work. 
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micorq LPSER ALIGNMENT SYSTEM 

R .  L. Bond 

. ... I ... ' 

Introduction 

It has  been suggested that e long-range al ignnent  device could be devis& 

u t i l i z i n g  a l a s e r  a s  a l i g h t  source and an axicon lens1 t o  provide a well- 

coll imated l i n e  of l i g h t ,  :~h ich  iiould monitor t he  gradual aovement of a la rge  

m s s  over a long per iod of time. The pro jec t ion  d is tance  des i red  vas a t  l e a s t  

1000 yards.  1. systecl t o  accomplish this vas shovn t o  be i a p r a c t i c a l  because 

of t h e  s i z e  of t he  axicon, poyver requirements f o r  the  continuous l a s e r ,  and 

t h e  s t a b i l i t y  of de tec t ion  over periods of severa l  veeks. Emphasis was 

s h i f t e d  i n  an e f f o r t  t o  devise a "laboratory s i z e "  system. 

TJork Performed -- -- 
An axicon l ens  was designed t h a t  would give a m a x i m u m  pro jec t ion  d is tance  

of t en  f e e t  using a bean of p a r a l l e l  l i g h t  three inches i n  diameter. It was 

ca lcu la ted  t h a t  a lens  th ree  inches in  diameter, made of a mater ia l  w i t h  a 

r e f r a c t i v e  index of 1.49 would require a cone angle of 177' 04 I .  

uas made and i t s  ca lcu la ted  value of beam length agreed well x i t h  the  experi-  

m n t a l  value.  However, the qua l i ty  of t he  lens  ;/as not good because a grea t  

d e a l  of l i g h t  vas s c a t t e r e d  because of sur face  imperfections and poor q u a l i t y  

o p t i c a l  mater ia l .  

Conclusion 

T h i s  l ens  

The maximurn pro jec t ion  dis tance cf t h e  axicon beaa i s  d i r e c t l y  r e l a t e d  t o  

t h e  cone anzle of t h e  axicon and the  wave f r o n t  (plane or spher ica l )  enterinG 

t h e  axicon. k. l a rge  cone angle is required f o r  a projec t ion  d is tance  of only 

t e n  feet .  Increasing the  diameter of t h e  l ens  and impinging bean would increase 

t h e  p r o j e c t i o n  dis tance,  but  2 riel1 designed gas laser i s  apparently superior  t o  
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t h e  axicon-laser system f o r  alignment purposes over shor t  d i s tances .  Thus 

it i s  seen that  an alignment device of the axicon type would be of little 

value  f o r  the  appl icat ions considered i n  th i s  rlork. 

Z e f  erence 

I J .  H. Idcleod, "The ilxicon: I. Nerl Type of O p t i c d  Ele!nent", J. Ont. S O ~ .  

-- 

of f?n. 44, 592 (1954) --- 
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Figure 3 
DIAGRAM OF A SYI!?CHRONOUS SYSTEM USING A GAS LASER 
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CEIARACTERISTICS OF THE FRINGE E'!;TTER?J 

I I 
L i q u i d  4 
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h = wavelenp&l of l i g h t  
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Figure 11 

Toy, vie:.i of the spliei-e 01: :Ihich i s  p l o t t e d  the a.pjnrci:t o r i e n t a t i c l z  of tiie 

plane of ?olarization Of t h e  lcser beam reflected Pror:i c mirror at t h e  c:elixeiq 

of t he  si)i?CiTt-? ( F i r s t  order e f f e c t  only) 
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the % e m  is perpendicular t o  
t h e  pade) _- . 

I Fi;jure 12 

SidC 7.-ie!i of the sphere 3n :JhicAl - .  is p l o t t e d  t h e  eppiii*t.iiAi orientations of t h e  

plane of p o l a r i z a t i o n  of tiie laser bean r e f l e c t e d  from a a i r r o r  a t  t h e  cente- 
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