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. Section 6 describes the details of operation of the pump dye laser and of

- the second harmonic generation. - -
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1. Introduction

The ori g ina l  obj ec t ive of ~J m i s  p r o j  (-U t was to demonstrate the possibility

of energy extraction from an inverted ato n ’ic  sys tem through a new k i n d  of non-

l inear  process c a l l e d  two -p hoto n am p l i f i c a t i o n .

IVc have performed :m t h e o r e t i c a l  stud y of the pruposed effect , established

a set of guidelines for the selection of a suitable atomic system and carried

out the cons t ruc t ion  of the required mn u l t I - laser syst  ma .  I~e have Ilot beerl suc-

cessful yet in observing two-p hoton a m p l i f i c a t i o n  w i t h i n  the t ime a l l o t t e d  to

the program mainl y beca use of the lack of s u i t a b l e  t u n a b l e  dye l a se r s .  h owever ,

many of the ori gi na l  t e ch n i c a l  d i f f i c u l  t i e s  have been solved , aid ac t i vi  t i e s  z i i e

s t i l l  in progress a long  t h e  ori g i na l l y proposed l ines  of r e se arch .

Sev eral u r m s at  ~s facto ry f ea tu res  0 t i m e c o n i m m e r c i a l  UnitS w im i ch were nu ’-cii sed

for our work have been corrected (temp c~ a t l m m - c  control  of the dye and circul atin g

water  l ines , j i t t e r  in the i n i t i a t i o n  of laser  outpu t , e t c . )  . Ot h er improvements

and m o d i f i c a t i o n s  rcquired for t i m e  s i r n u l l  aneous  oper at  ion of tim e m u l t i - l a s e r  sys-

tern are present l y under  way in an a t tempt  to comnp i e tc  the exp e r i i c n t a l  phase  of

thi.s project to our s a t i sf ac t i on .

Am ong the ma in  advances th at  have b -~ - mi carr ied out , we should m e n t i on :

i)  the design of a Rub y laser_ pu mped high power i n f r a r e d  tunab le  dye

laser operating around 9153 A w i t h  a cons i~~~r a b l v  broader  t u n i n g  range than

or ig ina l l y an t ici pa ted from pub l i shed  d a t a .

ii) construct-ton of a tunable ulrravio let source consisting of a flash

lamp pumped dye In ser and ang i c—tuned Set-onci h a r n o n i  c c ry s t a l  for o p e r a t i o n  at
0

2721 A.

iii) est a!’i I :;hrnent of a set of procc’ilirc ’s for ha n d I i n g , testing and - -

m o n i t o r i n g  the  ac t  I ye  a t on i c ~yst en (C~ 1 ~ V a p ) r )

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - — ---~~~-~~~ ~~~~~~~~~~~~~~~~~~~~
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iv)  the des igii of a vacuum system f o r  t h e  p r ep a r a t  i oii of th e  vapor s~aap l c

and for the m ix i n g  of an ap1iropr i ~t e amnu unt  of b u f f e r  ga s .  The la tter was

chosen to he Xe.

v) the desi gn and c o n s t r u c t i o n  of a i m  a c c u r a te  t i m i n g  sys t ea l  capable  of

d r iv ing  the u l t r a v i o l e t  and i n f ra r e d  1 a -  r pu lses  in a pr~ sc ribed t empora l

sequence . The t iming  requi r ements  have been solved ar t er  r e b u i l d i n g  the

spark — gap c i rcu i t  in one of our f ash I a.: p _ p m u . p~ d d , e lase rs.

Det ai  Is concern ing  the s ta tus  of our i n s t r u m e n t a t i o n  and the pr o sp c c l s

for the observat ion  of the  rn ’oposcd e f f e c t  are descr ibed  in the  r a i n  t ext  of

this report .

There remains  a p o t e n t i a l l y t rou b l eaorne  aspect of our p rapua e d  scheme wh i ch

resides in the incomp l e t e  a nd o f t en  inaccura te  k n o i l d ge of a l l  t he  necessary

a tomic  parameters.  The intensity —dependent gain  of the amp lifier i s  a s er s i ti v e

func t ion  of the o s c il l a t o r  s t r e n g t h s  wh i c h  e n t e r  i i i  the non -lineam a t c : : i c  suscep-

t i b i l i t y . An u n c e r t a i n t y  of the  order of a f a c t or  of 2 or 3 coul d  be c r i t i c a l  for

a successful  imp lem ent at ion  of our scheme. Because , however , r ecent in t e re s t  in

four—wave mix ing  processes has prompted remmea-ed i imvcs t  ig r s  ie mm i n  Ca lc  1mm vapor

(as wel l  as Strontium , B arium and M agn es i  urn) a more a C cUi  at e  theoretica l an ’ lv si  ~

of the parameters  ~im ques t ion  is  expecte d  to bc w i t h i n  reach.



2. Theore t ica l  o u t l i n e  and bacl:ground

The idea of producing two-photon stimulated emission and amp lification was

mentioned in earl y papers by Sorok in and Bra si a im 1 and by Prokorov 2. To the beSt

of our knowledge , the first dynamical study of two-photon amplific ation was car-

n e d  out by Estes and SI nm~mias jointl y w i t h  t h i s  p r i n c i p a l  i nves t i ga to r 3 u s ing

th e Bloch- 1-Iaxwel l  f o r m a l i s m .

Pr io r  to  t h i s  wor k , coherent  t w o — p hoton nu sorp t  in n  lmaci been st a d ied  by

Belenov and P olu ektov 4 
and at about time samc t ime by Taka t su j

From ~ conceptual  lo i n t of v i e~ , t h e  scimeme suggested by Estes , ~arducc i

and Shamma s can be des cr ih e d  qu a l  ~t a t i v e ly  fol!e- .a . On~ assume s i~a’crsic.n

betwe en t a :  levels  of the  same p a r i t y .  If  no a l l owed  r cd : iat ive  processes or

co l l i s i o n  induced decays  exist , t he na tu ra l r c ]  aX :I1 ic -n of t he  cxci tc- -:l a

back to the ground s t a te  w i l l  be i c l a t i v e l y l u n g  . If a strong I mci  d en t  f i e l d

wi th  a carrier  f requency approx L m a t c l y equa l  t o  on c - ha i f  of the atomic transi -

t ion frequency is a l low ed  to in t e rac t  w i t h  t h e  atom s , a n o n — l i n e a r  po la r i  zat  ion

can be induced which o s c i l l a t e s  at the  same frequency as the  i nc id  ent wave.  Tim e

atoms , then r e - r ad i a t e  at this  frequency and , und:r appropriate  coii~ i t io n s , the

wave is amp l i f i ed .

The details of the model are made more exp licit in the enclosed reprints.

Here, two facts are worth mention ing : first of all , if allowed radiative transi -

tions from tile exci ted s ta te  are to be e l i m i n a t e d , it  is  reasonable  to g ive  lire-

ference to atoms w i t h  an exc i t ed  s t a t e  t ha t  l i e s  d i r ec t ly  above amid has the  ~nmo

pa r i ty  as the ground u t n t e ;  s e c o n d l y ,  the  mag - m i t u d c  of t i m e  n o n — l i n e a r  po la r i

t ion  is expected to he much sm a l l e r  in  t h e  a~~:encc of near resonant interned m t  ~.

s t a t e s .  The quasi  — r c - s o m m ;~nt cnhan:emcnt . which is vc’r conven i c lm t  for observing

two . phI O t  o:i ~1bS() I 1)l I t~ T~ lii at ow i~’ Vi) ~~ ~~~, 11 he a ~~~~ here  N ec no of the need 
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for a lozig l i f e t i m e  of the C IIIJCF I e t c h

Thus , t he select  ion of a s u i t a b le  a t o m i c  spec ies  mus t  be m ade w i t h  tii e~e

two c o n f l i c t i n g  r e qu i r em e n t s in mind .

Our theore t i ca l  u n d e r a t ar i d i n g  of the process is r a th e r  s a t i s f a c t o r y . The

evolut ion  of the  pr opac~at i rig p01 sc t h r n ~i the inver t ed  a to m ic  medium has been

described in terms of coup led f i e l d - m a t t e r  equa t ions . In  the l i m i t i n g  case of

coherent p ropaga t ion  (neg l i g i b l e  ef f e c t s  associated w i t h  the  i r r e v e r s i b l e  lon-

g i t u d i n a l  and t r ansverse  a tom ic  r e l a xat i o n a)  the pulse evolut ion has been

descri bed by an “area equa t ion ” sm i ler  iii sp i r i t  to the equat ions  proposed by

Arecc hi and Bonifa cio
6 

for a one-photon amp lifier , and by McCal l  a nd h ahn 7 for

se l f - induced  t ransparency.  Our area equat ion , however , describes the e v o l u t i o n

of the tota l  pulse energy and thus  is d i r e c t l y r e l a t e d  to a m e a s ur able  qua n t i t y

(by contrast the “area ” of A r c c c h i— B o n i  f a c l o  and ~-~c C a l l  —Hahn is de f in ed a s the

in teg ra ted  pulse  cave ] ope r hj c h  is  not d ir e ct l y o n ser vab le )

We have discovered f r equ ency  rmm o c l t f l a t i o m e f f e c t s  whi cli arc en t i re l y al) scnt

in the convent ional  s i ngi  c-p hoton amp l ~fi  er. These are Iire seIit i y under i mac e s -

ti.g ci t .ion. The a v a i l a b l e  r e su l t s  w i l l  be sunmm ar i :e d at  the  end of this sect ion .

W i th  re ference  to Fi g .  I of the enclosed r ep r in t  “Theory of a two -p lmot on

laser amplifier” by L.M . Narducci , W . IV . hlidson , P . Furcinitti , and D.C. Eteson
8
,

we note that  the assumed energy l evel s t r u c t u r e  of our model system has ac t ive

levels of tile suma c par i ty ’  (energy s epa ra t i on  h
~~ n ) . No d i rec t  di pole transi-

t ion can occur between these l eve ls ;  however , a n o n — l i n e a r  p o l a r i z a t i o n  can

be ind uced wi th  the  help of time d i p o l e — a l l o w e d  in t c r : c d i  ate s ta tes  which have

been label led c o l lec t i v e l y  w i t h  the s t a t e  Vector symbol 
~
j > . I t  is assumed

that  a popu la t i on  invers ion  can be c - s t a h l i  shed be tw een the  excited and ground

s t a te  and tha t  a pu l s e  w i t h  a en rr icr  frequc imc y’ ~~ ~~flt UpOn t i le

syst e m .

______ — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ 



The main r e su l t s  of the c a l c u l a t i on s  repor ted  ii Ref. (9) ui -c

i) The evo lu ti on  of the  atomic sys te m can be described by’ a collect ion

of three var iab les ;  these s a t i s f y  three  coup led d i f f e r e n t i a l  e qua t i ons  wh ich

bear a strong forma l similarity with the Bl och e q u a t i o n s .

ii)  A n o n - l i n e a m ’  p o l a r i z a t i o n  o s c i l l a t i n g  nith the  same ca r r i e r  f requency

as time inc ident  pulse  can he induced j im the ’ m ediu m . Ti me a toms r e - r ad i a t e  and ,

under appropr ia te  c o n d i t i o n s , cause a im amp li f i c a t i o n  o f th e  i n c i d e n t  pulse- .

To be precise , add i t iona l  components  of the  n o n - l i n e a r  p o l a r i z a t i o n  may

also be induced a m md compet i ng paths for t im e re lease-  of the s tored at o m i c  energy

can he opened ( for  examp le , th i rd h a r m o n i c  g e n e r a t i o n  can be supported in t~1e

inverted vapor) . A s imple way to e l i m i n a t e  the e f f e c t s  of the  non- l inea r

p ol ar it a t i on  at frequenc; .’ 3cc is to prepare the inc iden t  pu l se  in a s tate o~

circu l a r  p o l a r i z a t i o n .  The a tomic  se lec t ion  ru i c s~ in this case , prevent the

genera t ion  of t h i r d  h a r m o n i c  l i ght .

If  one ignores the i r r eve r s ib le  dep has i o~ j ’ocesscs induced by’ coil isi o ; s

( i t  appeal’ s safe to ignore  tile r e l a x a t i o n  of tile p o p u l a t i o n  inve r s ion  because of

the long l i f e t ime  of time excited s ta te  and the  low pressure at wh ich  the sys te m

is expected to operate) , the coupled equa t ions  de sc r ib ing  the evo lu t ion  of the

atomic  var iab les  and the p rop aga t ion  of the f i e l d  i n t e n s i t y  and phase have been

shown to be

I. 1 : !
= / ~~~~~~~~~~~ 

~~~~~ 
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~~ ) J 1\~, + 3
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‘fi me atomic variables R 1 and R? are p r o p o r t i o n a l  to t b -  c u t  - o f — p hase  and i n--~ i a s e

components of the i m o i m — 1  in cu r  p o l a r i  r a t i o n ;  R , i s  th e  p o p u l a t i o n  di f f c - ~ see

be twee n the ex ci ted and ground st~.tes o f the sy ’ste-r ; E~ is propor t ioa- i  to

the slowly’ vary ing i n t e n s i t y  c!mve npe of the p r o p a g a t i n g  p u l s e  an d

2
~~

’
~ ba 

+ 2 -~~~~~ is the in s t a n t a n e o u s  ( l e tur i n g .

I t  is obvious , by imlspcct ion , t hat  the s tmt mic  equa t i ons  hear a s t r ik i n g

re semblance to time stasiard Bloch equa t ions  for  t w o - - le vel at .am s w i t h  I m- ,o na i  mm

d i f ferences :

a) the role of time conventional Rabi frequency’ (esscnt  j a i l  y the  envelope

of the d r i v i n g  f i c id  in the o rd in a ty ’  t w o — l e v e l  I l io ch f ou ’m ;mi i sm )  is p lay ed  by

the f i e l d  in tens i ty  ~~~~~~~~~

b) the detuning term c o n t a i n s  an i n t e n s i t y- d ep en d e n t  c o n t r i h u t  ion  wh ich

is immedia t e l y su ggest iv e of t h e ex i ste nce of ch irping a n d frequ e n cy ~o !a i n t i o a

effects  even if the resonance c o n d i t i o n  2e~ - c1,a = 0 is  met at the  i nput of the

amp lifier .

The field equat iom m s for the i n t e n s i t y  ~~~~~ and the detuning a l so  re cer.m b l e

the  f i e l d  equa t ions  for t w o - l e v e l  sys tem s .  Here , however , the d r i v i n g  polar i -

zat ion  is d i r e c t ly  proport ion al  to the  f i e l d  COve ’ OT) C j t s e l f . Under  coherent

p r o p a g a t i o n  cond i t iOflS C i  . c- . on neg lec t  ing i rrcvers ibi e atomic decay proc e sse s)

the  a t o m i c  t :m r i a b l  (5 sat i S1~ the c o n s e r v a t i on  Lu :

________________ _________________________________________ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -‘

~~~~~~~~ ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-
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+ R 3

2 
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j ust  as the ’  corr espond i mi ~ B loc h v a r i a b i  es lot’ w o— I (-eel sest  ems do.  I f , in

add it i on , t he resonance con d i t ion cn = -—i— is sat i s f i  cd , the addi t i ona ] con-

servation law

R 2 - yR 3 R 2 (0 1 - - 1’R 3 (O) =

is sa tisfied , where is time r a t io  of c e r t a i n  electri c susc - pl ih i ii t v coeffi—

ci emi t s  (see eqs. (2 . 7) a n d (5 .4) o f Ref . ( P ) )  . I~ecause or these r e l a t i o n s

between time three B loch van abl es , the  resonance pr op agat  ion i s governed b;

only one independent a t o m i c  pa ramete r . This  has b een d emon st r a t e d  esp i i ci t ly

by showing time v a l i d i t y  of the exact forma l solut ion  of the h ioch  e~ u at  i o n s

R = --
~

--—1

R3
d

1
R = -—-——-- (co se - 1)2

p
= ‘ri’ (coso i

where R e is the i n i t i a l  e q u i l i b r i u m  p o p u l a t i o n  and

— =  em
~T P

The result  is a l l  the more remai ’i :ahl e if we c-b serce t h a t  he pa ra ~.et e r C

which is proportional to the - accumu ] at e d  energy ’ of the pu l s e  from ti -m e l e ad ing

edge (t  = 0) to a g iven t i m e  c , sa t i s f ies an “area e q u a t i o n ” w h i c h  can ho in-

tegrated e x a c t l y  to y ie ld ex act an al y t i c  predict i omi s on t i m e  b eh av io r  of t he

t o t a l  pulse  energy fo r su f f i c i e n t l y  loilg amp ] i f i c-V s .

~e rcl’cr to the enc los e d  r epri  nts  for  d e t a i l s  con c e? ’n i lm g t h e  q u a n t i t a t i v e

p r e d i c t i o n s  of this theory . ~Iere i t  is w o r t h  r . i c ’ i t i o i m i i i g  t h a t  n u m e r i c a l  s e l u —

t i ons  of the coui~ led ms ~~- 11 - tUoch e~m~ma t  io ns h ave  (‘orifi re cd 1 ii’ a~ ov feat ares

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



of th e  p ] O~nig.’1 t i O I t  p i c h i c - i r  ami d h ave’ ; h m o s i m  i n  u l d i t i o m  t h a t  , abo ve t l i  L -: - 1 o I d  fu r

am p l i f i c a t  lou , no ili t i - j i s i c  l i m i t a t i o n s  to  t i m e  t i ’ a c t - l i u i ~ p u l s e -  pc ; !. hol-: -l - i s

i mp os (-d by t h e  no rm — I i  imear  p u ’uce -s . Of course , j im a c t u a l  p rar  t i ce , i t i S C X f l ( L -

ted tin t add i t  io na I no ;ml  i nea n i t  ic- n mc i 11 i c c  r ’~ i mpor t an t  as t i m e  pc- a I: power of

t he i n c i d e n t  pu l se  heeumrc s L i g e t -  amid la g e r . ~o mm c~ l m ~ l c : - ~~, i t  is r a t  sc -s  i ( ; . i : - -

able that  the  usual  po’~~-r s at u r a l  i o n  e f f e c t s , w h i c h  are- we) I known n ordinary

l a s er amp i i  h ers , are a h s e n t  in  a t sn--ph oton ;a- :p ii f y i sg m c d i  u r n .  j
Under or l  i n ar y  exper  m ee t  a)  cord it i our; - - i  t h  v; n o r  p its sure of t he order

of ~~~~~~~~~~~~~ 
~_ l  

to r r and b u f f e r  gas  ~~~~~~~~~ in t he r a n g e  I h-  100 to r i , th c  i r r e ve r-

sible  decay  processes  ~nduc cd by c u l l  is ions  a mid  t h e  lc ~~s of atu ; ; i c col -.er c ace  a r c

no longer  mit - p 1 i g ib i  e . I.e have generaliz ed the hiluch equal in n s  in  the ’ tra d i t i o::l

way wi t im ~ he a d d i t i o n  of ph en om -n oi  op lea I de cay t err s for  t h e  COr ~; t ; n c n ’~ S R 1 ,

o f the B i n d  vec tor  and anal yzed he c-v o lut  i o n  of p u l s e s - f  vaniov s mc idth~ 1 ;:

numer ica l  t echn i ques . t~o1utions have b c - e n  cd~I n i n ~-J o’~ r th e ~i t i m c  r ;m[e of

in te res t  from the  c o h e r e n t  l i m i t  (pa so dunat i c :  - ud- m t  r I 1 m m  t L~ m t  cmi  c

decay t i m e  ‘ 2~ 
to time i- at e  e q u at i o n  l i m i t  (p u l s e  J ; m n ; t i ; m :  r i c h  I m i r e m -  t h a n  T )

As in time case of an o rd ina ry  laser anpi i f i c - r , th e  m m i i  si gn a t u r e  of i l~c loss

of the a tomic  cohere -ne c is the r e du ct  ion and ccc stual di sapPc ;Irc mi ce  cf  t im e- pu

envelope m o d u l a t i o n .

In the ext r eme r a t e  equa t i on  l i m i t , t h e  p o lr ’i  ::ati on v a r i a b l e s  g , and R

can be e l i m i  n a ted  a d i a b a t i c a l l y and t h e p u l s e  ev o lu t i o n  i s  go v erned b y the

coupi ed equat i otis

2
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where T and arc- t~~e mmsmi:m l l ocal l i r u  amid scaled di~ t m i m c -  v a r i ; b ] c - r , a m m d  P

denotes the i n s ta n t  a u L  ca ms d e t m i u m i n ~ 2 + 2 ~-~- .ha s i

The ro le  of fm - -~ c e r c v  mo~1ul at ion in t h e  p r o ;mag ; t on of a p u l s e  l a s  bc-c u

i n v e s t ig at  cci onl y re -cent l y b y’ ow- group . A fc-m : p r o )  im: i mmml v rc -s~~l t i  al- c

av a i l a b l e :

i) i n  the coiie rt-~ t reg ime , t he  field -gc. ;;~ io u -m s fo r  th e  i i t t  ~i Iv

amid the d ctuni rp ~ imp ly- the co a-,c rv ;m t  ion l a w

= R 
( f l= 0 , T)  ~

-

wimere 6 is time d e tu n in e  2~~i — cc. mi t  thc in-sa t  of the  :c ’~i i f i  er and where the

lineam ’ s -m tterin ~ l osses hav e- been i gnored  for si m:m l i city’ . It is clear tha t.

u n l e s s  the  inc i dent  pa I sc  i s exact:))- t uned  for  t m % o — p hot  ci ; r c s o n a i m c c  ( = 0)

f requency  modulation s-ill acco:mmpa nv t he  r eshap i up of the p u l s e  cove lope . ~-iore

sp e c i f i e c  I i y ,  the instantaneous detuui i ng is p r e dj c t  ed to lie

c2 ( n ,t) = 6 Wp ( m ~~ O , T )

L 

whore ‘ -

~~ 

(r= O ,T) is t h e  i n t e n s i ty  pr c ’ i I c  at t l ie in p u t  of the ;:np i I fier . it

is c l e a r t ha t  t ime  p n m - ’ n i t u d c - - of ti m - c r a t i o  1 (U , i )I . -
1

(~~, i-) co;it r o i s t l - s_ - s i ze  of

t h e i m m s t a n t a n e o t l s  lc ~t u n i n g  r e l a t  l e e  to i t s ulput v a l u e .

ii) iii t im e m ’mm t c- e~ u m m t  i a r~-g m m : mc- t h e ~: e ’ 1 - m n i : ; m m ion v ; ! nj ; 1 51 ’m — IL ;imt j IL,

follow the v~ r m t  i on s  of the i I e l !  m n t _ -as  i t  y ad i ;f ta ’t  c; I i y  mice rd l i m p  t o  he

- -~~ _s - , . - 
- —--~~ 

S ~~~~~~~~~~~~
_ _ _  — -— - 

—5-- —
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rc l at ions
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+
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A 4

The above equations pre-dict a depcndc-nce of and R2 on the intensity -dependent

d c -t on i n g  variable A m- :hich is r c m in i  scent of the usual d i s per s i o n  rd a t i o m i s  f u r

sing le  pho ton  tr i nsi  t i a n s  . h owever , is t i - m is case- , a m id  It 2 a re pi’oport i o n a l  to

the f i e l d  i nt en s i t y  ( r a t h e r  t h an  to  t h e  f i e l d  amrpi  i i c ic l e)  and f ur t h e r  mar c- , t h e  lo-

cation s of ti -me p eah of Il l am id of the zci-o of arc  i a t e n s i  t y — c i c - p e n d e n t  . One of

the consequences of these dispersion rclations is t im e conservation law

0
‘L ‘-~~~~

‘
~~~

which r e l a t e s  the ’ i r m s t r m n t a n r o t m r  f i e l d  n t en~~ t y  :~ mi nd tie fm-e~uenc~- Pc1 cii i rig

Here a g a i n  we f ind  tha t  chi r 1-m i uig i s  a sn u c  iat  ed w i t h  i l - c  pu i  so e v o lu t  ion 3 C C -Ol d i n g

to the  i’cla tio im -

~ (~~ ) = ~1c~~- ~~~~~~~~~ 
~~~~~~~ 

~~
) —

The heI r v i or oP ~ for t i l e  nt  erm n ed i mite m’c-g i r e  i i ;  i- c - i he i mmc i  d ent  no I S s _ ’  w i d t h  is

cts: p : ’ m -; ~~1r to t i n -  m ’ t e;c c m ; i m m - ~ ’cm’s ’ r e L \ a t ~~c n  I i : : s_ . i s  t oo  cc : - ; ’  ~&m; t o  be

st u d  led mmT ; i l yt  i c n i  l v . -\ m m u m e n i c . : J  a n m i l r - s  i s  i s  ii; c : re . s ,
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I - - m -  mc - t m m ~~i 1U pp -c .  
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Oct I t -  i - t i m e r  1: - h id , i f  l I t - p u I - i  : t : n - , f i m i ’ c t l i i m t  C D I I .  ~~ ii  ~~~~ • ‘~~~ 1~~~aJ ( i i . - i ’ i nu t i ts ; s i jo i c t t ) .
(t i l t  , 5 5  5 0  l i t t t , ] I - l . ; - . t : ml - : ~- c . - - - -  c ; ; l  P - i - - n c -  t: : t —
V O i i : s_ I ; m dn c I , - f ( ‘ m m  I i  . ; f c m i  — t i  i : !  a- : - t i ; i - . - :1 :  a c m - i , (2.3)
t i : i i- r m i l s f i v n i - i t i - s’ e : ; _ f i l i o ; c- , : m : : i i t  d e — p u l u c  f u r —  - -

- 
‘ The c’o ; f i I m : l . I  t e n d s  i ,5 I: ; e l m S  i n t c n t ; ; C I i I I ( -  . : - les ,n i m i t i o u m .  - - - I -1. 0 , ,  I - r i ; ; - :  at t i m e  l o r n i  i s  i a , . , Irs - , P ’ s _ i c  ml

in FIb h I t  s ; n s ’ i - u l t - : - s — a t  ; _ O .~ -II. Ill 0(11 L I I I ‘. 1  c S  ( S R  L I I I  ‘I ~~~ ‘Ti  i ) l t M  - 
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- 

- 
- -t I l t i  , ; f c , a , - -c: ia ’m i 1’~ :- n y t . -l t i  I, - ;:;-

CC’s’ fo r t , su l : t t c - a m i - c’aic-. ; I m I f  1 _ in : ; ;  C m  _t  t ’,~ -s _d m i f i s i —  o~~] , 1 -  c - . - - :c  C i i -  i — sn i i -  ‘ s - c I t , t f~ ,z~ _ c ; : - t  h) .
1(1 S c - s e - l u  w i t h  an p c - i ~~ v _ i ~~t-( ’l  m l ; :  - m I n t  scs’Im mis 0_ m i ’  e- , i ; - ; : t : t t - ’ i ; i  i n - t i c  .1 n i t i i e ’ i i -, i i - l t m - a , n I  ;, - : - i f — c o a —
sho’,’,’ci in FL-, - 1. ‘il- levels f ,-ii5 I ii c i  ~s m s _ I c  s - c a t s - i . ’ in ; m - i . : h . V — ec , .: - f i c i ’ s t  r - ; - l n c n n s  of nm o—
.in- i- c c i t m , : - : l to - ( ‘ P II .: ’ ~l a - t i C , , ; ,~~. ‘ IL m ; t _ ( r —  t m - -cs  lui’ t i . .  c’,’ I ’s :.; ; : ; c f - m a -  _ s m : c 1_ . i c ; n_ f s r ’1 and C b
r cme -; l a ct - i c- I _ u i ,, i : c l - : - ie - ,i ;I , m ; m s _ - - - - - : , _ L - - .i to 012: - i ’  d i - i t s - t i  i v  [Ins p ‘ ccl s _ I c - - m m - i c -  !ic’Id.  V u -  t f . ac t  derive

c c j  / -  (or b a t h )  a; ml c I i x ’€’ct ; I c I  -I: t m  ml r — t h a n ,  mm s - x i s  i- , - - . — I - mi  f - n ’  t f . ~ ‘‘a m i . - p - : l t m m _ m _ 1 - _ - ~t I ,  i (._ n r t i m 3
i i  s - t o t - t i  l t . , m ; ; c i l c ; ; c . ; n  t im Ihe  sv c ; o c : i  iri s t I c -  b r im  of th e -  m m t 1 : . m i c  i m m , i ; N ; n n c I c  m , :::;- I l l _ l s l i i ’ I~,

I - - I - - — c - j n — L i l l - ,’ , t l i . t t  11 : - a cm ; : ] , ’ ‘ i - m t  st  as a 5 - c .;~’c’-2
Ii - ~~ -.a + ~~ ~ ~~~ 

L , t 
~~ 

— ~ (
~ t e rm f c - ~ :~~e c l t n -  

‘
c, ;: ~c - ~ I - t i m  - - a t  :~~i i ’ m m ‘ -~- I . m t i o m -~s.

(2 1) Tin :,  ~l1 i f - :  ‘ - i ‘- c . -- m l  5. 1 f . i  t I n  e k - s : r ; 1 - t m - - a  ef
a oat - - m e ’. - - : :  : . 1 1 2 5  :‘ - , - , t ~ a Im a: :1 5 -- a :  i f  t c  0 ’

~vbci -c’ t i c ’  c - Iec t r i c  I c - P d  i f ( ~~, 1) i tm: s  ( S . -: f , s m c ; i l imu -  J ’i ;c ir  i :1, t i c -  ic- t i , - ]  In - -c ; f m ; c - - — n - i - ; t  to
fo r u ms of :t p ) r c r l : ’ a ; ; c ,  — ic  . 1 S t ’ 5 , 0  I cOt a slowly t, - t m : p f - a - : i : - e - l a- - - : m : ; ; l : ’ r . f :  .2 La I m P
v a- -y l i :  c i ~~”-P ,te i’s-i n - l ; , t :~ h -t ;- , ia . - m i  i c ;  ( . 10- ;t m vi  (55 a~~f ;  - 5 - m i  m : t p - i t : ri - t leo-

(2,2) r acn - .  
- - -O~ti ’ c i a - I ; ; - :  pn .i ; _ t  m c  I I  -_‘ - ‘a -l i - i : t t a  _ c i -  c :~u , ; t i i _ -fl 1

T1.e cmil ’ i - ic’ r f i - e : ~c m c u ; -c - -o is m m p ) r - S, i . . : mi t c - ly  crjua l

- 

ili-~-~— ( h ) h = l l ~~ (f ) )  , (2.4)

- for a (~~pb t i  ‘ l o t  mi-s i c-i- mi - 1 I f - ,- 
~s_ y t . i t s _ n v c c t o r

i i >

(1~~~~~~~~~
’

( / ) 0
- f i ;ii’ ÷~~~~~~~~~ 1,

- fF~~f ’ 5 11 1 )

_________— - —— — --— ——  I b )  
-I, C5 (f)t ’ ’’~ t

~~ b) . (2.5)

The a t om i c  i l - P c ’  t - .mclo r  ev -: c  m’s u mt-f - i’ I ! . :  m idI  ion
of t h a  to l : c  i - : ; m i : i l ; : ; i i . t : i  ‘ Vi  ii l i v  r~,c - (2 ,21 _ tmtc j
(2.3). ‘I i ; c  : ‘ t - - ; ’ t c ~ .hI ~ c f i i S a m a - _ S ( ‘

,,  ~~~~~ (
‘
~~ ar c  ~i s —

s d n i s _ - - t  h” i - n -  -i- i - , - I - ;  v, s t r , : : - :  . 1  t : i m i i — , I .e .,  t i ’  re—
~ 2W ( Icc - i  c n - - ; l v  lIe ma a l _ c t ’  c r  a; of t he  e-at !c  s_ c c—

b r .  ‘F l i t s  ;‘- - lm ca -f - - -n i t  t s p - I l  j u~~t i f i o d  l i - I ’  : c f t i e —
pt t c t t ’ n  i ‘n - c ’;; tm ; : I - r  1 , : - :i , ; : m .  c- c ’~’:~~l j t j - ’t is .  1st
t in., e i a ’ , ‘ 1  . i - f  I I I - j . i l i i  i .~~~: c I i : m : ; 1 1 ,_ i t m.’”
I .e t i l t I  1 c m - I s i t  c i  - i ’ : ;cc - f m t a - c - t i l l - ,..’ b r ac t ’ : - i s _ 5

1cm > whi~:h cm t ; I : e- P m u , - , i i  ‘ . t a l c ’  .11 . 1  d f ~~ t m i t  f r e —
- - r~u, c m i v I i -  i l i m i t  - - ,  i t t , ,’ m5.c : i - . - i t . (  :-~ 

( ms ’ld , In t i m eI - c; . t c-_ I : l i e . . . :  , - — I -  u - I  ‘ I  s c ;  f i r m u s is - S i t e  
-

0 1 I ~ c t t t S , i 
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l - ’- ‘ I ’  - i :  ~~ p - i i .  , l i i  s - i t  I - a , - ,,~~‘; , i~~ ; - I~~ s_ s - t n I a a - I  .- - i : . l f p - i , - f , ’ :  I i . ’ - : t i c : c t t c  ant —
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_ t i 1  

, (2 .10)
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(s , 1) ~- -!.‘ (

~~ i 1)12 ~~~~~~~~
iti(’,(l) i-i —1~,iI(c , V ,( !ii - ’ — i - ’ t

- i .t  A — : ass iItIc ’ : - nmi i  c’ns i ;  P : - - ,- I - f t - k of h i ’ i i i r n , i - t m l t i o r t  -— I~ u~’ 
( m I)( ,(t) ’ ‘1

of the P m t l c ’ m - ;; i - ; l c : ; TC’ m t l ; ; i i j t t ; ; I C  n , c c  eU : ; z V t -  t l t m d
wlic’ a-e t- -e lime.’..’ ,, n n c m -  :1 Ii.; ’ li - f I I - ,  ‘a-
po lar ized  ari d ‘.. I - i  i i  t I m : -  i b ;  u n - I ’ -  t t , : l  S c x  s - I s _ - c i p c  m I S

- __ _ _ (  (_  ‘. + (‘ -)~~Q (2 .11 )ii ,, and 1,~ mu (‘ c - - ::a- i m m s mi u c i a  i t t ,  d i r . . - c - t a ü n  0. dl P b

p ol m si - l i  :~t i ’ t im ci i  l f , ~- I ’ - - ’ I .
O~ir (t i ij s ’Q t t V O  s- I ,  l i - s - i - c p i- -i of c- - n i u t C  .1 ( - -n u t -  as on.- i , : : — l  - - p c - - I  f i - or ~ i l ; c - l ) . 1 l :  l i l y .  c - - m t -

t i~ m im ; b ’,i’ the ’ cci f c ( - i 1  . 1  ; m ; I ) f t t c : - l c  mm a , . I C ,. ‘l u  i- o- p-~ i c c ; ; -  - s ~th i s  f , ; r’ lsi c-c ’ we ; - I c e  f s t l l c : i t i :  fu r  I f , , :  i m t i e  I I i . ’ - s i m  t I c  \V .  [h im I ‘c mc p m ox) c m i  i J . ~~1~ - I - . : i np  1,. t i ’ - a -  fe- nm
a m p l r t u n ; c-s (‘ ( 1 )  P m - — m I  -

~ - (P ° )  I a ms - : ‘  c-f f U- . ’ ’ - , WI I ; a ; c  c - 
- 

: - - - - d l , c  s_ - . m i i . m c . m , ; I - ’_d
of c i n ~’lc  ‘I ; ;i t e . c i  1 . 5 , ,  ;~~ c L ,t i  s- ,c t , P d - i : 1 5  for’  ~(t )  evs i; I n i - m ,  ol I, ;- i cmt i l m i l  n - - m m ,  - i t t ;  P i l l - - I  , c : f d r t; d
and s_~~~~( ) .  The I C ;  v i l l  is- t lm m ut tc ’,- mi t  ~ C ’ ; : ; ;  c : I - m - m i u , f c  m i c . ; i f : ; i  i l y  I ’ -  t I e  is: m t i u m i -

- a] m i m i : i l v ;  m m  s _ i  mc I s ‘ — h i  ‘, - , - ( : .i  1 t i  p s i  d i i -
i/z (’,(( ) . - — 

~~~~~ i ; - ,~~~~
( s _ , i ) - ”

~~~-~~~ fei’e’~cc , - - I  o - v ~ 0 - - , 1; I I .  ‘ I -~~; , (2 P)  s-
sqlI :ci - c- oh t : .  f . J . t ( S I ,  l ’ - ~ - , I m m , i -  1 t m ~ct

X L- f  dl [ ;c ,S(v , / s ) ~~~(, s) , . 1~~~~t’ 1)011ev of I I . I t - P t  cc -  m ’ -  t I :c  t,~~m ml , ‘.- m a : m m ; l ;  a -f
P ()?i(n .n l i ( - 5 u : :  ~~:i.  

- - m s - n  m i t  a i’ 5 - 1 5 5 1 I ~ v m  ‘a m a ,

1- ~~ c~~(v , t iC t !P C i
~~~c n 1.  i-h xl , ‘ i s  I , s.c s ’ (“, . - i . - .- . n , I : t  I - c  V 

~i o l m t t  i ,  ; i t -  :. i ;  I i  i - m s ‘ -I ; , s  i 1 , - c , - m m I  m - ; : m . - l , ,  s
(2,7) c~ - ‘ - m a  c~. m l i i i  p s _  d~ 1,: i [ :~ 
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I-ç, (1 Y) p. i i m h i . i ’c - i m ; c n i a , t I c -  i ; ; I i - s~ 
pp . i O , f  ‘,- l ’ : (  ~~~~~~~ 

- 
“ n (:) ,‘~~, (1) (2,12)

one m n m : - - I L - i , I ;;  ( - m ~ ;. c l i  i , l : ; ; -e I f - a  c x ; - l i m i ; c  -, i’~~~. -F , , - . 
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‘ - a i i 1 _ l  d l i  I s n - -  i _ I ,f ie ld  envc-lopc’. ‘1 i t i ~ mi m n o u p i t s  to “ C;  sI c- c m l  ~‘ (‘I ),

C~(1’) , m in d ~(t’ )  i t t , :  I~ I ice m I t - cr - m i c f I lm t h e i r  ( -~‘a1ties p t th e u i p n c m -  ‘ t a i l  i f  m ; c t  ;;i ’ , t l s -mi , m i m I  c- .; i - i ’ y —  I’’ .\ ~~ a - -~ c e
’

’ 
‘ ~5 1 ,:t c t 

~~
‘ ~ ‘ - (Sc

j og (‘lii t l t c ’ ( -x is_ I  S m : ; ,  n I t - - m d  of t I m e ’  i e : d t , t i : c ; ; m~ cx—
ponent I m~1 lm tc ’( ors . (2. J o )

Upan I’ t n m m t i m m ; :  ~ m ;i’ , t i c e  ~ io’,~ iV Vi l l  ‘ l ip  i s _ r I d s , T h e  s - l i m : m i : u : ; h  m m  i - f  t ’t ’  I : .P I : :  ‘ : d i , c S n  a t - ~~:I i i  cc-the rcqu ir , ,’d cot m u i i c d  s_- ’ c . c m ; - - m s  fist’  l’ :~’ m t t e n m i c  a ids — C,(I) in  s_’m ’,m I ’ i t  P i at j u l  i ;‘ ‘, i i i s _ ’ .P m m -  t c i - - -~ , ; n— in i_ I ap l i h u ml- as 
~
‘
~(‘) a mid (‘c ( i t  p m - m e ’  th e  bor m n dc , ’iva t ict i cit  i f i c ’  equ .:I i .  -as ‘1 t c ; o m i in ~7..: L ‘1 u;, ,

c~ (l) s- (,/ ;hj p ! Js ,a~~ ( t ) ÷ ; ;  5 l:
s (’

~~(/) , ’ t 5 - 5 t
~~

t t ] , 
v -c r c l c l m k c ( - C ,U ~ ‘- ‘- i l ,  i f : m d ~ I. - . I c - , 2 n t - , - ; ;  -n

— ,  

~ ~5) ter m s Ci 1~, ( ’ )  :; ;uJ ~- ‘ [ )  : i m p , i  t i m - m m  sit I - , ; ’ t I ’ t I n —
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- 
(e1 r)iU0:f m ’ nu i ’  m c ’ , -:: : t i s -  t ’ ]O, ,

C1(i) ” (s/h) -
~n- 1-

~~ 
‘
~ (:)~. ~-,JT~ - C ’~ (,).’- ’ ’ - —- -— n ’1], t ude . I l i ( : ’O \ i :c ; , ; ;P  ,I ~ ~i~t f t  s _ f  i I , ; s  c - i f  , : ‘ , - ; , ndt

rcv .’mcls 5 m i t l . , m  m .’m m l  ; ‘ ‘ I ;  I c r ; ; ; ; ‘.vl :~~ I i s p l i . i : i  m t  I r s --IVII(’rC’ t im.’ p arai ndhi ’s- , t ’
,~~, &-~~, ~nd ‘cb mi l’t’ -, t ( i  qu enc-v o’, m i s  c’. s _  11 as ( ‘ - i i ;  - ‘- P ‘~~~1’ 111, - d i m : .. I m c  ~~ ‘ t ’ i i  —by - 

C i es- ’ , , , . ’ , , , m ) m ’ - . i a t i t s  1 1 : 1 f . n - m m ~i ’ : c , 5 - 
~ - l  P . ’: S m ; —

2 -, ,, ‘ _ C idC ’fli li - s _ _ f  t:s - t O- V l ’lttm s , . i t - mi l i ’ s_ - ,p, iv i’c : m m m m  m i dA-i, ‘-
~~~~ ‘m;a — -

~~ ~~~~~~~~ , ( G r j t a - i m t .i , c - c n .  y . i  , t ? .  in  l i s _ - f  5) . cn m m : p 5  I a n  s I ’ s_ I s
- is , .: : 5 , - : ;  tu’ o- plsat s_ -a  c u s s i s s j , ’ms or .( ‘ rio m- ~ I i ,  :i‘ 
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~
. ‘ , (2.it ) prc’ csses,- Ii - 

~~ 
— 

~ ‘ lit i- ; O l ’ u ’ O c - s _’t m cc  of .i~~ t n t ’- lcd uiaf . T mt ( m a t~ -~~’ ” ~’
- ‘ 

ci’, it m5p15’ .l t’ s 1;  .1 ’ i t . ’t ’ t p -  ( c ~ i - m i m i ; - , - . i h I  I i : ;  i’~~ -~ h’ ,t.
- - ‘ - , (j o l t  c ciii d i i t c i i , :s.  m ’ thei ’  I f ;  i : :  I t~ -; s W i Ss - hi  ~‘se I l l  - I t s ’1 

;tt Pd , ’ fr o . j t ’ c i t .  v i i i  l I t ’ (‘\ i s _ ’c : m . I I ’ v i~ijce t - d  - ; - l . - -~ -nm-al \ i t .  I . ’ l i t  i - i -  - - i I ’, ; ‘ ;c - t  ; r y i : I -  I t s _ - i l  I n c p l t t : a h i -  I-  S l i m . - - s-~t s , ( I ’ , , r , - ’ ’ m j ,  p I .  - I .’ , ; d ’ a - : c  5 . : ’ , - - . i t ~~~
Is  it s S mut a , 1 S’Ol

______________ -—-—- c~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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F -‘- —“—‘.--—‘.‘~—~
—.-‘--—- — — - -

l i - f tp \ t U I t C ~~I , i l I ) , i ) \ . E l  me  I’ —, i l - F I , \ \ l )  h I t  S i \  I - i

1’” .\~ 1. .,, ( ’1~~’ f / .” ( ’ . ’5 . ,( ’4 . - ‘ ‘ - ‘ . I ’ i
-
~~. - ° ’ ) J l  ( s , l ) e ; i n I ... 1 — l ,- v , . . ( ~ , !) J

+ \‘J1.;(t ’
~ C i ’~~~ - -  t

4
( , i )- ‘ .( . , / )  c - i ;4 .s’I — L’.. ~ - - ( s  , :)J , 

-- 

(2 . i - l )

m u te  cbi - i ~- ..- :i l v  t f , s _ - ; : ~u . i c e  ef SI ~~ • I ’ - , : t m t e  l i t - id  s_ - n —
V. : i c - ’ i s _ ’ u n I  t m - - c  ;: :m i  I - ’, ( i t i l ’  I t ’ ll ’ ; .

. i i’
- ~~~ — 2k~ ~ 2- .-(~~, i) .  (2.15) ; np d t I e  d - i m c n ~ m m m  : ~- .+ r mahi ~ c~~. n l . 1 t c n ,  . 1 1 1  i i i t - i m :

It I s  - i f i i . t l ’ i _ l m t  (s u m s  ElI .  (P .1- I ) I i  i t , m ’s i i i  t t ;e cit e — l i t -  i i . t i i m , ’n : :  Pa - a  o m m 1’Ii ~ i t - c ; ’  l t . t t m i  c t . - m c s c p : i  c m - - c
p hot ot i  (~~~~. ‘ , t h m ’.- t mt ducc’ ch m t t ; s m c ’ i c  phi l m i i  m, . i t h ; : i  I ’ o : I —  of th e  h I P -  I ’ k - m r ’  i ! c : i I , c i s _ 5  t m  i’ . - - - m l . i r i - c
t , i i m m s  t s _ ’ r d c i c -  t h ; m l t  ci . m c - i l I . i t , - i t t - c l - - i  ~ .‘ ‘i m i s  ( h i  It (2 .e - n , ,; n 1 - , - -

~ I i i , I t : i so, :-  - : - . f i - . i ; ~ - r ; t ; , - c ; i _
o . c i t l n ~~ i t  .~- : a I a .c t ’ s r c -  c . i t . i i d l - - m : - : c l i s _ .1 1, - 1. T1s ,mn i f  I t ; . - t I - i t . l i  y e -  ,r’ , f i - m s m -  c m - i v - m i - - t i  Is a ll I n t l ’ S
l i t - t Ic i - - i an .; ;, u m , - : c t  of S i t - ’  c o i : ; m - m m . i m i . ; c  i t t  I I q. Tins h a i t i ’ c m i i i  i - s  s I m a - I n  -~ ‘ f i i s l i ~ m l  di ’ . im .:; ’s’.l
(2 .14) , l t . i ~ . ‘- i - c , e1s_ ’p c di mlS l ist  i l l )’ on l c s h i r c - , - a r  in  imlec . If! .
is - l o i s of i t ; ’ .’ t m  ~

i n
~ 

L’ .( , but , t i n  .1 etc  ( I : ,  . : . c c i , t t l o n s
of the m i l l ; ’ ’: I ‘s t a l i n - - - 1: 1’: t m - i  (‘f . I i i .  t i l l I - I  I f .  i i i \ c m i  f t - \ l . ’, ’,t c l  I L  l i ) L \ I d u I - .S

By m t , m . i f , -  ‘a, s o t i m i  t h e  H u h  — i i ’ s _ f i r  i’ c- l ) m c  l t m i t i i ,’ m t
of th e on,. it p it ,_ i m c , i  i i  i i irs . 1 he f s _ I d  _ - i t  d ci ) cI -i t i- ., us, i._

Irods_sc~ t ime ’ cc .. ,s’ ato mic c’ ,i ri .ni :Ie- s C~~~t I m I t  ion

a i (C’C~,.’~~ --C~C ; - -’-’) , ~~~~~~~ = _ _ ! ~~ - (3.1)
“~~ ~ ~~~~R 2 ~‘ — ( c~C;’-’~ ÷ C:c 0.-~~), (2. IC ’)

- .  
In t t . .mn c -I c - - .  1; 1- i s_ - I ‘ l i i s t i ’[55 . I ; m ; t  phase apps-om-o _

R 3 = 
~~~ 

- — 
2 

m m m i  inn Eq. (Ii . ])  1; eq u i v a le nt  to
The p hv si cmal ms_’sn m t i i i g  of !f~ m cmvt j l , is i m m m m a m c i t : u t e l y  / a a \
obvious: 1? 3 r i - ; t i ’ e- 5s _’ ;mf  a t I m i  0 :- ’ l . I I C m - u s f s _ c C d lC’ C 0 0 ~~~ 

= — 
~~~~~

1’c i  (3 .2)
bou t-eon l i m e  t .~ - i i , m , i s  i f  i ; I m ~ m c -  I , t c h i !c -  1? is p r o —  0

por t ion t i to t f m m i ;~n n_ im’a ’  c i . .’ e - i ; : m f : - - m : - - m t t  cm t ; : ; flom~. ~(~
__ a

_) .ff s_’ —— - f- . P , (3.3)
line ar l t o i t a i ; : v i - .:t ,  Ih , I;  - c - - c- ; - , is n-i i n f e r  ~~~~ s_i l 0 2 ,
pr- po t - f .  m~,;l I-:, sIc itc -~ -I: r i -~ coI l: - :me’ m t f  of t : :c’ p0 c - h - :. .:- 1’ -sod !‘ mu - c I ’ -: i ’ m -  , t . ;~~~~ -

. - -  i - I  i c t .qt’ .l;ii.t~i . t l i/. . ;P [ - - ; c h e - ’~ m m ’:,.’ o f hi ; ’  l .a :  c , ! s_ n c ’e cit  / ‘ ( c , -)  omi tot - c C m i  c ;m sp ,-. ‘-1 m ’ a ~~~~- :. : m  ma 
~~~ 

‘O
~~

. ( 2 . l ’a Lthe ,~~t O m -, ’a C  p~~l . m m l . t t j O n s . i i i  t e s - i n s  , ‘~ I t ’s - u - - :  m a  : , t r ; . I i ,  :- , 5 .  1:1 c~~- t . t-
Iii tci ’ . u m s  o f l i t  mcci \ , m m l m I ’ l i : . . , P ie m ! - ; l . m i l -  .- ‘  _i I u .  t~~m ; :a  (3 .2) m i _ - i - i  (,c .~ ~maa U ; ’ t.ls t l d t t i j  l I m e

tic I is c ; t- ; : s _’rj hi- d by th e- c- Si of ‘5 - ’ oat [ -- mc : - ;
- / a  3 \ /  0 ,s

• ~ x- “ 
- i t- ( e a - 4- ’~~~~f ~2 ,s’ -- .a -:- 2 - -~---

1?
~ =E~~~~~~~

1’.~~+ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ \ ~~ 1 - CE

- 
[

~~~~
-
~~~~~~

‘
s_~~~~~~~ ~~~ - ;c~ , ÷ 2 

~-~-~J R1, (2.17) 

~~. 

- 

~~~~~-) , (3.4)

R~ ” 2;~~~~ I~ ~~~ I? 1S c .  (3.5)

white the a t c ’ c c m t -  ;- . i m i r i a : m f i ’ i  p 1 m m  t I m e ’  form The cam p i n  -h to -I c - I  ( :t i : l l i i : -m i ~ (2.17), (3 .4) , and
r ~- / 1’ 

, (3. f~) r c’ u l r i ’ cc i i i  l ic e - 2  m u rt  m m : - :  ~c - t i mc t  of i_ -ac t - .t;t.t iyt’.iS.
I’ *.vi:~ SJi ~, — + a ’

~~~~m ”)~ I t is C u i i ; t - c d t c i ; t  t o i: ctro ’lu , -e t ! m ~ 1~~t hov , I~m .~ not m t—
‘‘ t b  ‘PC ‘ , -, (ions 

‘,‘~ , tf~~R , si rI( ~ ’, — t - i + c ” ) .  - - -  
- - p -  -- ~ - - /- - (- +5 ‘ ~~~~ -“ - - ~~~ ~ oi

(2 .111 ) 
c”~~” (1 + ~~) ‘ / (‘.-,,,-‘.:;,)S~, (3.6)

The c o ;mc - er v: m i t ort :~ro~~. h;t  t v ~P. i 1 ~ is ni -p pa il l i m b athe C ormse t ’ ta i i i i gl  i - f  t hms .m he - i : P m c -f  the  f u n -h ve ctor  f~ — (2m - , — - ‘~~,
) +  2

(2 . i ~ ) aim b to l i a r  It :-: - t t i - m ; t - i i s 1 s _ l  s v - ’i ;. i P ’ - ; t  50 t h i n 1-s ’ s -i
ei. c i i - J i c - i t i  - fi’ .t u mt c ’

t u h i t h  f l y ; ,  . i i  - p t ’ , ’ f i ’ i , . ; i  I ;,: - , ( . ‘_ , t ’ t ) .  p
- 

~1— ~~~~~~ r / - s - /c . (3. ‘f\()dc i ’o i ,~~ i i i . . i  - c - - . ,  ( 2 _ h , )  - - I I I  ‘ n U : n ; , i  h i l - i c i s
:j ; : , , i t i - i t , ,  Ci , ,  ,t  t ’~ - -1 ’ ‘ t I  : - - - - si - m s_ - n t , - i - s - n ; . i .  11- ’ c- - n i - I ’  ‘ ‘a I i m - nv ,  i5. ’ - l t ., a i l l  s_ i 1 : ’ . c t i , . m , . ; c_ _ i - i  I--

Ft  ,t i i f c ’ ;  i ’ d t e & - m ; m  m c  I 
~~ 

( ‘ . 1 ’!) t I m - n  n i - i u i i ,  s i ,  P c I . - ; .  ta m m i ,  a i i i  m l , -  I s p- P I P

_ _ _ _ _ _ _ _ _ _
- ~~~~~~~~~~ -~~~~~ - .--~~~ -~~ - ‘-5- -~~~~~~~

_ _ _  - . . - 5-~~~~~ - ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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~~~~~~~

‘I III. t fl ‘ U I ’ ,~~ ‘I Ic I )  - I’ll U 1 i i  N I, 4, 5 I ,  It A M I’ I, II 11 .11

~~ ( ~ a’~ 11 Ti, ’: I - i c  t i m - i  l i - i -  e ( ; t , ~~) cm s c l , ; t - - I  I. , I t o  h t u i h i i  t i c -
- 

~~( l~~ ~~~~~~ ~~~~ 

~
) . . i (

~ 
) )~ (. 

~ ( J U i l ’ ’ , by t h e -  ; i t c i t i  i ’ - l m , t j ~~ii

) 1 1 5  ‘
~~

‘R 4 ~)i:i~ 
(3 .C t)  i’ .l t ; , i)  

(3.19)

c- ’1. or h-;a: — 
(1

S - 
u(c i) ~/~~I ~ ( , 1 7 i )  (3 .16)

— 1 .’ F ,
(‘ IJ 

(3 .0) lb - ‘- , a i -s br a .  m l : -  ‘ m i  (r; t i p -  c, f ’ - _~; . ‘ ‘ I
~f2 ~~~~~ - i i I ~t ,\ ( - 1 , 1 - i : ’ . I m . , ; t :  I i , , -  I ’ -  - - I s ;  c i~~’~~f S I c ’  j .1’ ’ .- up I n  a

~~~~ ~~~~~~~~ 
— J 

5 )  
~

- i -;i - c , I : - i  t I  i i ; - , - , ~ P c c : : ’ - , ‘I c - - t ; - : t l  ; , m i t .  c u-si-
- m m l i  I - -  - I’ .‘I hi- f ic !’l—c-ni ’  i n - 1 ~ m~ . - ; c , P i  - t m - s m  l I l t  n i m p  I i.. I

( l i t ’  “ 1~ahi f i t - o m i t ,  -p - - - : s J , i , - f i  
~ ‘ - u-1p a 1 : - m t - i  i - i  : . ( ~~)~ - h im ; - ;~~i i , i)  (3.17)

ti~e i - : I l i . l rC-  of i l ’ . - [ n i  I d  :s I ; - . I l,c- d , i i . i p s ;m  -, 11 r I o
‘ - ‘ - - I t  c m - P , - n  V I s  c li c ; ,  c I C  ~ ci , m t I , , n t  i ,  I - . - m - - ; i  ,or! j l ‘ 1  i i m l  t o c  

o( iJ s e~~~ i t I t  I i  i l l O ) t jS c m i’ ,bc- t u e  ( ‘ la_ s  :1. cit n- n ’ , ;  ‘a ‘a i ; ; l .-cm , ‘ 
-

- - - f i t , : , - I t ; .  (.f .1..i) ‘~ e I , ; a ein th e ’  c:c ;ht ’r c - ; im ,m - c - 1 p m p ; . . . I ccp : ;  I ; ; ; . : , I . e . , tic -- I ’  ;

ato mic  r e - l , t m . m t l i -  ii  s _ - i m r -c t ; : , t i c- f i r  1 C s _ I : i m t t i i - t i  i - i t  l i i- a- ’s_ 
- - - ~~~ ~

°-
~ (3 ib )c u l t - i  l i i i . . .  t lpc,- lot - p i t  c t - .a 

- 
(1 ‘, )‘ ‘~ ‘ ‘

~~~~ 

— 
I tT - -

We I::: ’ fl m m m j c i r  d u l l - s i c  sac- Ui l i -si  m m ,  I ’ m , , 13 .1 r ;f -“:1
- 

~~~~~~~~~~ 
— - 

( th c  j ’ . - m ‘i - ~ r i ,  ‘ - c m ’s, ha’ !s_ r ; - c p -  I ‘ a m - m i  I - -
f m u c i c i  1. - c a o : i c . f i ’ m , . , m ,  m n ; . p m i J ; e - r . ‘l I m e ; , r c c c : , i—

= i~~R i , l i e ’ ; .  t - - - - p s i - :  s ; -i, -~ mi 1,5 . ; t m ~ f o rm
CT]

wl, i s_ mi p r eveal m ’n i ; m R - a e  s l i m : ; ’ s_ - I ; ’; - i - ; - c : c t c ; - ; t  r o t  I i  - m m  - 

(3 .19)
foi- [Iii ’ pt -o il-oc t of [ I i . - f f , i ’ I  li- c . ; ; .  m m ;  ‘ - __ ‘ , m ; i , ; I I t s -  i~- _ — 

, i’ -

t u c s s ; : ~~ ~ li t  Ia :t , (co m i c IP ~a , (3. 10 ), l i i ’ f i c m . 1  
~v isc i -c -  C; i - i - f - t  -~ s- ‘i t ’ - I ’ -e :~ i c- tinder I I - - -  c - i c  - - f r i

a fj i ’j ij  s _ - c ’ v r - t ,-i p .  - !:c e a r  c .  ;; ti; c - ; ci m m ’ m m ’  e i r c - m l i ~
~~~

(
~‘R~~

) 1,t ’,.i? , (3. 11) tcr i ’i  , - -  P . , - n l : c f i-li, (3 . 1 1 )  s’o; :: : ;inc.
the  j ’ ’ i - . m ’ i - i  - i t ;  ‘ ( s _ i a ~- ; ) .  3 i t m s  c - c m - c ’ ; ,  m m , ~~l m ; i c a c  :Pioc s_ ’o

}m q.iu:t i On (3,11) ( mdi l ’~ integrated at once to yield U S hi ’  i ; : ; ’ : - ‘ m c ;  r .1 t ‘ I , - - ( - ‘ m c  m c ’ im cO u :C , m m - m m  d ice - t i c’—

~~~~~~ =(~~-~.f !) s_ e-’~ . (3 1?-) I t av ic i r  s - f  i t ,  j s ,~h ’a e  s _ n  i - ” . - caI m r l m  m i l e  P m .; f i c m t I f v
- 

dilk - !s ciii ; t h . a c c -  P , - ; .  s-mi 1._ ic m s_~~. : , - — - 1 m m -Ic- : ;  am—If a t (ti c’ tops _c t of l I c e  : ; s_ - f  1, - c- m eci su s m the  cte t s, t r i ic : - - 
~ 1

puc s - a mue t s_- r it, �m c-j - o . i t i - c ; m m , i i m t ’  m. I - - c i t i c - a I l y  sm o t e . lu m’ , t c - r to u t m ; m ; l c .  I I  e m ’ , m l  i t l  c- m c i  1 :1  m i — s of t i m e  
—

cc s_ ’r ‘, ‘. here \‘, C ,. i iS i i  p1 p i i ’. s s c c e ti m ._ - t 1 (3 1 I i — i . _ i
t I c  ci ’i t t io is  in ‘, s_ ’ ‘‘ (1 for  I 

~~~~~ of 
~~ 

I I to t i c  Ic I t  t i m e  -r i,_ ,  I c i  Usc I t  — —
t liim . case mu CtO ’4( ’d— i c t f c m c  ss_ ’lcc j i t ’ :t  C x i S t c -  I c r  I t m e  

~s_ - -  ~ -sr~~a t on ii c  ~‘ t i r i m t b I & - m .  J ~ , J? , mind i , v;I c ich  ii- e m t ; z i I v
shown ( o h ’  ( c - s _ - c  C f . , } t t m . I c ; ; c c ;  ,‘I -‘a’ , i , ;  J I.J. 2.) —~~~~1 — ! ~~( c l ) + .(1 -

” 
~~~~~~~~~ -- ~~~~~ - (3 ,20)

[i~~/(1 - 4 )  ~) ~c -j i ) ~ , 
‘1 ‘

--  ,~~~ - , ‘rho t :c -i ml  t m - m i  of I — t  - (3 .20 ) in i t ; , .- le . ssls_ a , ; c ase
+ -

‘ 
) - J ( -o s i i  — 1) , (3,1,1) 

(1 = 0) ~ f c i c in d  to be
I~ [R~ /(I ) ) ~~ , . - m a m y  ) ~

) , 
/

, - — P - ‘ ~~(lf) 2 m i s c  s_-otass vet ,c ’a 1(O) — ~~~~~~~~ =~
— -  1\~here R’ is (he i’~-; .1dsc’n i c m f l c - i ’ , - m i c  -~ I C c — 

- 
C , (] ) - 

) 
- -

j osh prior  to ti:c ni - m s- . i il th e  I c - m m . 1 m c c l :  CrI ; mt of t i .  - 

(3.21a)p s_ sIc -c at a give’ i i  de l’ f is ci i i t h i n  m s - I t t ’ .. (ei’ ci i  - ; c . s - i i in s_’)

• mc ’cii -,iin . 01’

In :‘r ri I i n m f  at }~~ -i - i3 13) ut ’  h i v e  ui ,-csu c m i , e , I  i ; ; m —

pI i c i t l y  U i s_’ c -crep t u xc ’ i t n t t s _ s i i  l i i t t i , i i  t s _ ’O t I I t t s ’i t ? -  ~~~(ij) ‘~ P ci r s ’ co tan  (CO tmI n ~ 
Y( 0) — — ‘

~ 1-I — -

I:, (~ aO ,t;) = ( i , 2(f :~ 1)~ (3 211 )
R .( T  0 . -~) 0 . 

~~~~~ ( t ” j I m t t ~~f , f s ~~
, , l I l t :; i b m i ’ “ - c ’ si, -: ; i : m  I c . ’ ,

- 0 , m 1 ) -  Ii , . p . u r c m t ( a t - : c —  5 m i  l ’ c c . i t s v , - . m m - m , I  , . ‘ I l , )  , \ f c ,  m it i n  5.’ —

L _  _
_ _ _____________________________________________ -4
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i r o  \ 4 , I S I ) I ( - ( - I , I I I t a ’ O \ _ I L  t m ( 1 \ I I I I , 4 , \ I )  I i L a ~ i , ’% U.

A I
2 0 

t 

i t  
, 

~~ 

c~~~~~_ 5-~~~ — 
~~~~~~ !c n

I-’IC.  0 . A n s p . : c - i i -  ‘ . . - , i , - — — .;~~tc  o l ; ; ; c ’ : . . ; i ( _ ~~-’ a r ea
~ a t ic ’e.  The s s c f c s _ m c t -  i sc i sm :ber  A’ cm-cg m , t i s  the j i c tc ’ ; ts ’ :tl cn ; i c  t m - - m i  i : - 1 ,  ( m c i i . . - , ,  c m ‘ - I S, tIc ~ i - m m - - c . .’, of the
part  of ~~( i3) . 5 2m ; , and I- I (S) ) is p iopc .i r t i c t nm i l  to l ime o~— t s - - . -. . c I i t  ~~ ‘,‘

, ‘ i l  -
- ‘ : . S I - - I  - - s i l t  m l ;- - s _ n m ;  ‘sn 1

put p c i s s  i - ’ n i s r cp y .  — ( i . r , j ( i .  l i e  ~m c - ,s- ia ’ l, .. - 1 , :’ 1 3 5 s - .c a1 -;ss s
‘-‘ i i i  I i 1 0 -1~ pc - - t 1 - ;l t m u i s , c . - m . s e  c - - i . . .  i ts  F i~ m . 2 cci s c’s— 
m c i ’  i - a c  ‘am ml;  - f a t  C I t .  I C , . i t s _ i  : i5 5 . 1 01 . cat P t m c  it  i I ~U) it i 

~ ~~~ I I ~ s_ I i l l  ~ 0 .. ~ i t t  d
‘, i -a m ,., I - _ i l  i s - - m o  J— . ’~, (-‘3 , 10) m n . m J  f~~o t , m  (t :-~ s i ) I ’c l i c ; i i  (-i - i~ - I i - - )  0: u _ ma - t o.
in F 7 t : ; m ’ t  t !.c P i t m c . i s _ ’ t i c - c  t n t  t i c - ’ . n p l i ( i c ’; ’ , m e _ m i —
sure ..!  tc s r i - c - i c : ’. ii’ ( ma t c ’ i- n ;a c.f s _ I c  i , m i t i m s l  r- t t e  of
gr i st 1 , m a  c o t  a m c m i  - f m - i c c . . ’ f t  m s _ - i c - m n  e f  (Ic  i m p s_ i t en- ca t ion i - ; ;.; - . I Im 1~ in ( b c- ( m m - . c r ied m e i t i m c ; - c ,  1.1:5
er 1f y ,  as in ih ,; c’:ma. .  of an .P ’c ( , t i , l m - . . l ; n - p i i i i m s ’ _ ‘ i i i i ’ st i ’ m i ’ , ic t  i m i c i  i:; ; c i ; .- ,i 2 c-o m t c ’a t . - i n P S  (1) ( 1- ’ ;- ) “

~~~
‘ ‘j

lti t t c:  I i iI’s ef ‘;m-c ’atli . i t : st c - a i f  c ’a n ; ’ a m ’ : ( . m m c m ; c i  fo r  ~~ . P i n t e t - n e’ ..’ ts  t Ime cu r i e I — -s- -
’.- ’- ( - - - )  mc i i : m c c ’

.u:d ,an ’a! n :..ili I p of mm , ‘ Ic i t  v :e c ; s lem ,  l - ; ’t c ; l m , El, I — t t i , s t t  ‘ ci i- is iS f m - i ; : ;; 
~ - i -  ( P ,~. -li ) U - mm t
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the n — e ’ ! m m i t o m t  cm s _ n i c e ; ;  in t o  a c - ; ; i ’a i~: m: t i ’i’ i , ; ’.’ ps _ u se s_s ( ( i t  [ in s_ l i  m i . mc -  ~I t u i l s  ; m I l y  m m , - f m _ suc , - .;Ici. ’c- -h ,

‘We-i c I , i - , I i _ s t t ;  -— ‘ m m  - . m ,al  - P - A c  i i ’  re- - ‘ i t - i  - i i . . ’ , 1 ; . i ’ i  Ci , - s - - i f - , - c~ ’ ‘ . - : - - - i , . - - 1. - s  1 - - , .1 : :. , ‘,1~Gi — ai t h  I - , ’ . p - .t ’ , m ~‘ - - - 0 — - ; - - - ,  5, - tm I ‘m c t m - ’ ( I N t l  S i - , —
- c  . - i - ’ - - : .  

~~~~ ~~~~~~~~~~~~ i~~. ‘s’i - ’.--n ’ , m , m . I u . c-  . , , 1 p1 -a -- . p 5 , ~~~_sII \ 7-I. ~~~~~~ ;a , , s. ’ ; . , . c c- ’ I - , -
, ( 1~~,I _ s ) ,  (1 ’; ‘ i .  ‘ m m ’ - ‘a :. : ,~~ m m , i ‘ .- L . ’ ;c .  l . _ s~~, i : - -- . ~- i ’ , I ’ . c- -at - i ’ 1 ,;. ; , I’, , i d , , . I _ s . ,  a l  .1 , IL_s m . j S - ,- ’ - , 177 ot ~ I I : -  - i ;  I ) , G t ; - c - ’ ’ . - ‘ -.- , I t .  7 - ? .  ‘1. I - - a - , 5 ’ ’ n - i  P . F .

I i . ” , ‘ - c - f ,  1 , . ;- ‘ I i I i , P . i I : c  r m m - I  E . 1,  11 , 1. -, ,
~S 11 . l i , c I n t m , n i : i , l~ ;l I ; -I. !~ L_s m . t  p : i - - - : i , , cc , ~~~~~ ~~~‘ I  0-: , I I , 1 -  1 ‘a l l ,

(l Ii (: a t ; I~ Ii, i) -~ - ’ml s i  I_ i, . 1’ - l ’ s .  1 _s - s  is- - - . I ’ ima , — . C I t .  0 . .~-
, 

- n ; :  I ‘r m- n : . i j l , o . - c a - — i - , pl~ -; , l I s t - . t i - t i ,
1.1, I s P - : ,  - m i i i , 0mm ;, -: ’. ‘Sir .) a~~, 1 1 m m _ s i l l  - I. ’ : - ‘ ‘a. ‘t n , m c l i i ,  1mm ‘ -a ,

1 t 0 7 1) ;  i’ :- c - . t~~’ . . S ’  , - - 0 O ’ ,S -  I-; I). ( S m  m m i i —  p~m n - S i c - , I c - I t ( 1 : 7 ; i f , ’ ‘s- 5. f i t - - , t im- S 
‘ , I’S ’ - , I ts_ _s . I ’  ~~ I l l .  ‘- - .‘ ( ( ‘ l i i i ;  S _ s f  r t m ~~t i l l , I - I ,  15, —: 5 - , ,J i - - . - - ~~~,. . 

‘~~.m. ’ ~~~ ( 1 1 7 - I ) .
K. ’u . I . m , , , , , n _ s I I I . n m i , , , ‘i t , . - , t I . - .- , 1 - ; t . ’t , 1211 ‘L. }-’ . t- : , ; - -- .’., I .. mt . f m , i - ’ . - -  m , , - t ; Im S 
( 11 1 , 5 1 ) .  C i ,  t i - ,  1,_s I . 1 , 1 7 :  ( i : n S I t _

1 t Ot’ mi i - r  t ’ c r s : ’ I  ‘ m- . mc ’a - m - s _ - m s - _-:\ ii ’S5-’ ‘i - . m i , — ; ’ c m . a  ‘ a n , c ’ c , ) i , iI ~I I .  I . .  (~
., m ,  - c , I’m :  , a ~, i . ,  i ’ ’ : s  u - -~’ p,

t i c s  n t ’ ’, 1 s - s: c - ;;l..- , I I . I - m n . - t i .- ’. ’ ‘- i c , icc  ~V, ~I’ , ,‘n c  . m ’ i; m m : : -  - ‘ ,‘‘ , lii-,i J .  Q i i ; t t t t . j-’I , ’ctr .
1.’j ~~, i  ,- I ’ -; m e i t i . - - m ; i  ~,i O,~!irs (in n - f  .ci-i - , - 0 , , . , — , ’s1 - , ‘7 ! : -  ~~, I t - ’~ ‘ a ’ -  m s _ i
Vp, ! ,  U u f I ’ ’ -.- a u r - c -  , .I Q m d ’ , , ,  F - I ” t’ i i - ”t c ” S  S,’s I’ct , 5 . 0 ,  5,’. . C , I I  m m ii 1 , ,  I.. I t  m l ’ - - , ~‘; . .  -i , i S v . Ls’lt . 18 ,
ed i t s - I  S,y S . a , 7 - i .  S i t , , I;: , I I I , ‘1. 1-’. Scot t , I n t el s_ I , 5 i 7 )_
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R ’n i n u r i t c ’ c h  ( r u i n ,  ( 1) 111 I I !  1101 IN l . l I (ci 5 ,5’ I i  -( / .~~i) ’. ’ : 5  l m l m  l’l i ’ ’

[i t t-  - I i i ,- I - I A’ - - a,  - l u  I , ’ . ’ . ?  .- . , , , i , p I ’_ ’ Ia i l l ,-
t : , , , , m ,,j , , i _ , t , - ’ - l t . _ - n t ,  ; ‘ , , t , ’ , - , i -

7 2 / - ,’,- . - i  1 7 t h  I., c, - -r  , I . . . - , t ’  m • 
- , ‘ - t n

C0 ii-.i~E ::T ’,5 . ’u— - l ’ l ._- : ’ .’:; A t m ’I l I - l C , S- i I P ,i J~~ Al I c i ; I l f i J  f I i _ s I m i L . t t’n

i t t  a , :. ci , L , ’ ,_si , l i j ,  l’~~_ s :  s _ 7 ’ t , 1, 1 L i d

bs_n _sn ,;r Lm ~~~:, t of i ’ i t y m  - i s a  :,:td At :  a - ~~~~ Ic Sm . m m mci -
Dr e m-:iml  I. . i :j ’s_ ’e- L ’ ’— ’t
E’h1Jnt d e- i 1 - I s i a , P s _ - m t - - a l v s m m n i a  19 10/ ,

a ‘
~ m m U u - , l ,- t m . .  p r o , m s _ t f a s  5 a~~ ~~~ 5 - c t i  -

p i 1 s ~ i t ,  am i f l - / i ;m ’ lem c :,.emci uamS . m - s , . c r , - , a t L O i C  l , s _ ’ e l s  om  ~ n t c t ’ s_ n t  i : v s _ s
t llC ,n , i ,t : .5 p a r i t y  s tm ’ , i  S m ,  ,.n m t l r , .  s. - ’ - , ’ a t i a c - c m  .. t s _ )  t n ’ m  S t h i n  vm -, s_ - r cs_ ’
of L i . - - i ’:c d - s _ t  - a  - m : ; - i. ::’s t m , C ; - c 1

~~;’ a t c -: - ,— I i c 7 d  e~~, ’ s —

l u t i m - , ~~C s _ m 0 i. 5t u m , s _  t m ,  t, f . , m’ l i m i t ,  c i i . m t  ~ ,s_~~ci ~ r s _ m , ; a t s _ ,’ ; i s m r , 1 . . : - m r i c r ’
- 

~~, can  i - , m. ,s_ s_~~’]  - c -, ‘ s_ - a  , : .~~, ci; i ’ _ssn.m ; m m s _  m m . . .  s_ v t - s I ‘a c~~: mmf I t  s c: : c .
t u s  _ s- . , - I i ’ s _ c S ; i L ; :  c - r i m  s , i c .  i : . - s s _ L  C - : m . c - _ s V , . ; j e l f l  r s_ l e c i . .  
d e i a i l . .’- .~ m,. m ’;i u l c i - m m  Cf  t I c  p m : ]  t m : m r , ’ - m s - I  m l , - i m s _- s i m U e l  : - c i t’s. i _ s
I t s_ \ ’ c- ; t - S t c ~~ w a _ s t  t I m e  hel p e l  a le- - l r r i ~ CO : l - ,mt. cn r .

1. 111 i 3l)I CTI 01 ‘

Tri o ~uhj cct  m: , c t t , - m ’ c_ s f  t imi s nn i.s Is _’s_ :tuc ,- s c s _ : m ’ a s O m c s _ s  t i m I n t s _ - r a ; t i c ; s _
of c . . - f t s _ ’’ 5ms _ t, c l s n c L I s _ ’ m . . t , , s : ;c - t i a  m , , l 1 , m m c i : ;  ,_s . ,, -. .  I t e r ,  ‘i ’a In-s I - r m m I - i c :
of cc ’i r~~c , ‘ui c ts i’ 1~~y~-’a s_ i c e m a l rm i ! u’ s_ - i c  an  Si. . S te m: : .  t1i 1 m ~~~i,as _s,u : d C C : t m —

t i f l u c ;-  L , a b _ n of ‘ m s _ S C  ,m u r r , _ s mi t m t is r s _ n c - U  c, n; I m acu s_ sit  5d  h’s- t I m e -  is_ s_m m’ -s c-
outs m c i - i t  , t d v , t c m _ s 5’s cl I s c u c - c _ ,’d Ic , u t : ] ,  vol  . a _ s  ,, . l m s _  t i 5  i t s] I t ;  -am
V i e t -? of r a d i m i t c i - a - — : : s m t t 5 ’r j n t . - I , n i m t j s _ - m ~ , im h m ’  a t _ s m — s  ma r c’ p i s _ m tm c;~~ed as
t w ø — l t ’V c l  ; \s to , .m 5 mm -, i d e r n ~m - i r : c - . I : s - m , n - i t i s _ ’m t s  b . m - L m _ s s _ s _ ; t
encnr ’av levels ” . Oar S O L t I n t ’ . i n c - C o m a s_ I , t s ] j 1  I n c  t t i cS ~~1, i ; i l  j t , 1
d i f f s _ u ’s_ m t .

‘ri m s t c _so a c t i v e - i s _ _sc ] _ s m  {i ’  c - u i  ; s _ -l c cc r5 , , m n ; ia~~m ’mecI Co lm - a v c: t f n ~
sa m e  ~ - : . i ’ I t ’ , . A l l  t }t ’~’ s _ i t t ; , - :  et :i - sgv  .1 cm ’- ,  i i  l’i~ m y  t O , ’  r _ s r l n  s _ - I
virtu al ~i t , t t , _ s n m  l i t  t ? i ~ - , i t .  :-i~~ m a -  ; m t :.i Om; . . i , 5 ’c a u se  no d i t : s_ s_ m~
t t a p i s i l , i o u i n m  m a t e ’ m l t m - m ’ .. i,j I - . .  t i c - _sn t i c ; -  t m , ’cn l i v 5 -1n - s_ c t  l n t c i c s t ,

~W ork p a r t  i cl i a ’  t a i sp r o r  ~s _ P  I ’m I lm s_ ’ Of u lCe  of N, t v . t ]  lleG emmr ch
Co u ) t r  m e t  t ,u ar l ’s-r s t l t n i i m , , - ’  c—- C’ - 5 5 2.
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s p - s t a i ; ; s _ i i t t n -  c - u  ;. ‘. m s u ]  c ’ s_ sd s _ :  s a: ; s ;: .~~1 m - - . , .t ; -  m. m i  I t o
Liv ~- t ; a - s  f ’ m ; - : e - ,~si ’; s - m c i ,  a ; , , : u e’ / , , , : , i p , i m . ~~m . L . is , , t i - t’i ’
cm c n i  I i n ,  I . : i n .  • _ pa ’  - m ,  ~~,i ’.’ I - c . - ma i . - i t :  I i  -. c- z ‘ s - a m  -

t a t o t o n, , Ut- I i , . . , : ‘ o u t ]  - c - s i - -  I , :  - s p .  t s _ O _ I ; .  a . , -: .1 I a
1 s t  s_ r m a , m  I L i  c - L i ]

A t . s _  I.. c s_ a m . s_ 1 . . t  , i c-a . m c ]  , i ; . , - ,.; : i s _ i - r , : , . , - . - - I c - m a
&‘t m l , m t m i U ,  ) - r o c s _  i l l  S. , ~- m . - i i . - ci s _ m m  I n, ’ - s_ - i , , . t’ c - - t n-;
fu r  1iru du ,s  e m s _ s  , - m  I T i m e c m , , t i u : m  ‘ . m  . , : i  I c ; . .  i s _ I rs : : ,~~~ . , ‘s t  i - -s i a m  - s_ ti .

‘1’.:i t-- p i t c ~ ‘ - t r - r : , -. i t  I - c: - -a n , - - I - . . -, m m , -. n- c ’ e m .  5 1  c . ‘ : , ‘ 
- 

Sc  ra i l . I
a c t a ’ .’ i t  a : ,  U s c  ] , ~~i ti m- - , , - , ‘ t , ’,’ j o  ld :~~’ !, .: s _ : . , , : . , ’ S - ,
e p s _ - c i m t - - l t . . . n r  ;- . ‘ — s : : n . m ~~. I ; ; f . . m m r s _  ~ : c i  - ‘ s . 1 . - r I ’ s  I :m

t i , _ s  d , s -v , -T n - : : 5 ; m t ,  : 0 - - m s  n - i ’ i s _ S  ‘,. .  - m  - n - ~~~-. c s _ - ’ . .I —
e r _ i f - i c  L m . a , - r -  t ‘ . . c m i r s _ -e - s_ , .1 : I . ; i m . , ,- c m  . c i . c m  e . a L  , , L . . : I s _ s

~vol  U S, i O i t ~’ . An, s_-n s _ m n - _ s t i r. - m  : I . . -_s ~~f ~, , r m , u. t : , s  m . s _- 1] - : . . .5~~s_ c- Ss_-

p i t : m t - ’ :a s t i n t s _ c I t  - n m ’ s - sc s_- I s _ c t v  m. ~~r ,.. s_ -, - :; ’. c t l - , ’ s _ -  t e : , , — m : m o t . -:t
aa, t , t  3 u~ _s ,

N uch  of  Os_ c -  c c - c - c t  m u r k  m m ;  t~- -u m , -d p s- m n L I . - s_ - \ c - ] ’ s t ,, -:; c - f
a C e l’ s .  I cc .:. .  ti.~ i r - c - s_~ ..C! n - C , ,  L a . , - I , - ;  i i : - .] ~ 5 a t ;  t s _ - u : t i  ‘c-i t a~m n -i l~~ c - t ;
pa ‘J i s -  t I e  p m a - - 

~
- ; ;  .- :m ~- f  m m :  :m s _ m 1 d o - m m  ci c I - m n  I - -  - s_ ; ; ,

I , s c c i e m m . , , ‘, - .c.- ts_, ’ , s s_ _ S - i -. s_ r .n , c l ; ,  n-’ I~~~~’,. I . ; -  P . I  c m ’ :  ;-~~ t , m  . s_~ .l -..m s_ -_sI
r c - n , t r a m t 1 0 : ,  t f . , , ’m t .s_ ; - , . m ’, n , s m m  0,,:..,, i_s ‘ I . s _ -  i : s . I L , s_ : m t  ~- a t t - s_ -
i - c  m s _ p~~t~~.- , a t s _ l o -  - i ’  f s , L :  t i m - . ,; t ; - . m _  t m’ . ., m t : - T : :  m t ’ (-c , . 
r.-s tr c  ~~~~~~~~~ :ti; m s _ , . .:: i ’, c _s c i ] ’ ,’i . ,  :m m s  ‘~. m- P s _ - -~~; ; s : in - i - - t i~~ c-. .
ca t  s’i , 1 I r s _ c - i ; ,  a s i c ,  ,s]s_I e m ; .  t o  t f s s _ a  a m t c m : ci s _ m , . s : t ] e ’ : m  f m c - , m . ; e m .’
ba a- a l so  I . s _ - s _ - . : c m t m : . ; , I -.i- r ,  in  i s  S i t  e m - _s , i t- im , . , s c - n  ‘ i i —
Z J L I c ” . I s _ c - c  i s _ i  t ,1 1. m s _ c - C  1 c’ li  n m a s r . m .  ; , I ; :  m l . - ~~ ,

- I, s et :  m c  .

al . 
O u r  ~ u ,c 1 \ ’s~~~ s_ - .~~ S 1CC _ 

~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ ~~~~ 
~~~~

t c  S e t

ap i r : . m : : .,~~~:c , ; c- . S . f , c ,~~, a t m c m ; 1 L , - m : ~ c am ’s ; _ s , l r cn  t I c - ~‘ 5 s _ L i c - 5  m a n ,
fu l l s a :  t ; : s _ -  I , . -ci P , m : t  f i r - i d  d r i ’ ; s _ . . -  s_ m ae i’ ’- . s _ c , I

- -  t a s _ ’ : — i I : t s _ . ;  ;‘ s_ i i . t i . : s ; U i m : m  a s m : i c i :  s - s f 3  l e t s _ - a m ’ : m ’  It s_a
c a p r i c t  f r c n , s c ~: m s  s_ :mm ,~I t a _ s ml ; m m m cam ’ t i c  I : sc ic l _ :;t t l c l s _ i . i m ,
r a d i -’ mts _ d  an d I : ;  i c - : : t ; ] , - I s _ ; - t  .i] ’sl c , ; s _ s _ - s _ s _- :s _ ’ m tt - d I r I s ,’ , ;. , m - ti~, s _ c

~-r i s e m p m i a t - u . . . ,c - I c~ms C : , s _ r c ’ s ._ s: i i n - r - - t f m . - a s m : - s c ’ : - _ - d i e m : - . .  m : . i c -
p i ct u r e  is u ’,” ;r ;m a m- t - l i  : - .~~~ I n e c _ s - s n . e ’ , : c i l i t  i - . . . - m m _ s ’ s --- I 1 m m ,
p o l . m m j z , , t j t t n  C c . ; - ; . .  ;t s  m a i n , , .’ c_ s s_ -. i : m t _ s ’  5 J : - s  , m u; .I  c_ sc ’s :- , i_ i t  i c- u t

f I t s ’, I n ,  m . m \  s- - .u ;, .c  i:.. - r t , i : : t.  ,-5. -. ; i t . i , a n , t I  s _ ms _ ‘s n _ s c -  ems
prc ’a-lc ’r . ,  s _ s i  1.1 i c - : . .  ‘_s cm t :s_ ss _ m _ s ’ ’ m ,’~~sm s _ -m ’ . ’~ s_ a - , s _ s t  Is, m s , s  -~~ m m ;  p.. - - r

1 a t ; n s _ s m m , l t i , c t l l : , 0 i , - m ’ c C  c v s _ J t i t i m ) i a  i s  i ] m ; t c r m ’- e e m  l v  t h e
Schir ~ d i , - , ’ cmr  s _ , 1 i t , i t i o u m ; t f . - _ s_ l i ’ 1]  p r . - l - m ,‘s , 1m m - i s _ - a d , i s
g o vt - r u m _ s . f  f r . 7’ .~~ . - , 11 ’ ..s c a I u , t i e c c . - . ‘i f ;. :  m m n , m a : i a ;  mm s — ; ’ m t ..- m a c m : a — J  t a - es _ n t
p o 1 a ni~ m . t a a ’ t c  i ,  e- t , . m m ? ; t ; , - -I s~- I m — s _ , ’c m n i , - : . ; : l ’ s -  i n  t s _ ”m- ni s_’ t l . c
q m t a i . l m m m s m  m c’ i , . - m m i r ; t l  m l , -:: I c  , i m n - l i t i s _ u e -s 9 .
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( i _ s i l t  Iii N i  I A - . ) - 1 ) 0 I ( 1 1  i’. t I  I I  CAl m c i .  1.i 3

Tl t ~ rc _ s i t l ; i ; t - . , i i _ u : :m I c  c - u s _ i t i -  : a . ~ ‘,. : ,  f - c - s_ , n , t  m m . -  ,m I - . n : m ,  t i  t t
i s  f a r m _ s i ] - t. m : , m l  t i  t m _ t m  - t L s _ - f _ s : - ~~3 , _ s~ i . ) u c l m e i u . t i  I i  mn -
dc - s t i f f - a : . .  1. 1 , -. s _ c - .-. — ’ - c i - I C I  i n _ m m  - I  I - - - - - ] , 5 s _ l  c- ’ . ’ , s _ - : p s .

. a i m c  d i i  I i t ., - . s_ - s ’ , , i  1 1 f - c -  fl - m s _ - m m : i ci - ‘ m I -. m a , l ’  m i - I ’ :  ,.:,: - I i i
s _- t i t e r ; ,  q s _ i ; a c I ; . m u a . _ . i J i ’ s , i . t t , s _ s~ Is .. m . ] 1 :. i - - . m - ,. , 1:: i l . - t m - m i d ,
s _- ’~ s_c i t  Isis’; i ’ m  . _ t ’  . , ,  , a ct ] 1 ; , m  m . _  I ’. ~~ s__s. . m m . . : : :  -I , - , , n ; s _ , : ,  - - ;  I c - s
ar c  p r e d i c t  - - s  _s- . . I c :m ,  m , ’ j I i  f - c ’ i m a t e t i C s _ I c S  m an ,  ~. ‘55c; m s _ c ’  m t - i ; -  m i t t s .

1 1  . ,‘,~, SI -I , t -

in a - a l - _ s c’ to  I i:-. u - m m  m , ;  l i - n t  1 - m m  s_ . - ma P c- Ct  cm _s e- c- . ; i r s ,
em c . m , ’.j d c  0.~ - I c - s . s _ s s _  1 - f m , ’ I s _ - a - , L, c :. m , i : . , t i -  t s i - c u l L  ~ :
Cuci. i u c : ,  ( ,~- i _ s  . 1)

•- - r . -\
\ s_1L\ 1-

I~ \~~

i - c - ///~
‘ I  

_
[i : m i m a c  1. 1.o_ s c u  l v i i i ; -  s u c h ’ S  l i - c  I~s c - i  C ulc iu t :m

k. - 
- _______________
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Is] m m ,  - - c c ; .  , S, L,s_ a t c  ;‘ - - t i  be- i ; ; c t  I i l l _ s  - , s _ - ;  - - a - - I  i t ,  a , , t n t t , -  of

i i i ’ s ’ , i ; m i a . c t  f - 0 t _ s _ ’ - n .  i n n , -  - 1. , i s _ s _ ”  I , i  2~~~~.’i i : . .  ,md l i t ’  s _ - i  - S ac , ]

n - i - i . . l i i -  U 1 , r. i  I I ’  t I m ’  3 I c , . c i t  c-i] s t - - I  - ‘ - I  t n , -. m a  cm~ 3 a t

t : . p c t I i I ’ I s _ 1 . i t  i n :  m - , c . t I l , ’ - - . m ; - J .  ‘ Lu  L i . - - ~~t -  n m . ’] n.m . , t c -  ci  qu ~ m t ] r u —

po lt n m i s _ i t t  i t  j es t , , mac i to  I t ’ s - - c’ I tim , :  I :  i , , ;  c - t m m t c s m-m T- ’~
c m ’ i l t n , I ’  - : 1.. - , .  i , s_ - i ’ i ’ ’. c : e s _  of s _ s _ - s _ s _ c  .I ’ s i n , ; ’  I’ n t . t - - 5  i n .  ou t

i l ’ s p c - ! t . ’ ; m L p r o m _ t i c . ] . _si ’ s - , m : s _ t t m s _’ c- ‘ ‘ m  C : m l ; ’ i - s m .  a t e - : ;, , i f  - t m  to
u ;: , a i ; a t . t i ; i  .1 c i i :  l i e  1 e m m t  a m _ s s . . s n . i - - : ;  i - s c a r  t o  i ’ . s _  . L m - 5 i _ s _ s 1  c - f  i n _ c .

si l I s i m i T t o  i i - ~ m . . ; - 1  I I ] - _ d .

I I ; c  s c I m s _ - ; : . m ’ i - _ , s i c c m r m ’ -s I s_ - Vs_- h di , .  - t o  1 ’ . l’ m ; - t  I : -, s i m . d  f a r  t i e -
f d f l~~-; s i t . -~ el,-mi s_ -Is. , n a t  i c - a  I ] I m ; -  r~~s_ , - t] I:: l i p .  ci ~1 i t s _  ~. s _ . m i  ‘ c_s

I c ’ .’ - ] ,  1 r~~~( c . - ’ . ; f . is - r - m; . _ s l ’ s_.~~~~~:,.. m c ) m , , . m .  I - - ti- .g .  :1. .

~ i; : 1 , - m e )  ,, u s_- ss_ - I _ s m ’ m . t n u  I, ,m ’ a s _ : . r s t  .‘ a L i t - _ n . , c c s _ Om , ::i
a c - s m i m s o d  t o  : 5_s s_ i i a , - ; i t l u , n i p _ s c  i i , .  A t  i _ f . - . , . ,~ ‘ - f  t l m e  a ;

p r o m _ a . n n i  m n ; m  i m i j ’ ._ sc t s _  el e l i - c t  r i - m a ; - m i t  I c  m l  - m n - n i  ; t I n  c,.r I i s_ s  I
q u e c n .  Y n - i t ; -r . ’; i r t i _ c - ] ]~‘ s _ q u a i l i _ ,  . 

- 
1 m m  a - I 2 t t ; c  t :a , P i - f

prc .s l m m c i : m g  i_ ; s -  r p s q ; t m c ’rs-,c n o n — l I s m .. . a m  -~e n l s _ , m - I m : , - c i ; . m .  I tm- - c - c m , t i c- a ct i v e
l eve l s .

____________ ___________ I - —.

i~ 2 .,
ha

‘V

Fi gu re  2 .  Sch , - r.s _ m t _ I c  s_ u ’st ’;’qy h i ’Vs _’l d i na i t r . m ;, m of  t i t s _  ,c t  c ’:’da. m ’ ,’cia. ’l
~ ;, c:d in t ime c m c I 1 C U 1 S t  i c - u s _ s  

,., , ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - —
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W i t h  i s _ - f e- i  o t a , , ,.- t o  I i i  . -‘ , _s i :sp S c  , s 1 a t  a i m, is  d “ ;, c : r i f  c _ s i  l v  s_ l a o
S t a t e  V s _ c t - i

~ ( t ) >  I C ( t )  c m ’ : l ’ ( ~~~j L t t i , ) H’- +

C ( c m ) ~~~~~~ (- I ;  t / l l )  i i>  -i- — (0 e-:-. ; .  ( - I  I.
1

t ‘ l a )  ‘ - , (2.1)

s _ c -  t I m e ci m ; - .- ; a ’-.’ ’ t i m  u mm j  ‘ m m m’ t~~, : 3 1  t I n - - I I ; ,. .. m n m t : ~ C c ; -  c - f
s _ I . . ’ n t . - : . , I u  ~- ; . ~ - cu . u m - c .

11cc- a t o m s _ i c  c ’s’ a - i u _ s i ; - c m  i s  ; i m ’ s c -  i . . ’a - d  I ’ s_ t i c ’  t o t a l  l l : m : i ] t ’ s m , I . .’;

II C a > - ’ + ~~~ 1 .‘ - 
~
; 

~~,- - ,  H , (2.::)

ci ns_ - a ~ ~ ~~ - p _ s  Ic- a: - . m a t .  c , - .. ca t ar  I : ;  t m . . .  d i r s _ s_ - ;  l a s : ,
p o I . . r i , a .~ t i c - : t  C t  i c - i m m : ’ s i ] -~ m . t  f i c i c ’., .s _ m :]  s _ i s _ c e  ~~ ( m ~ , t ti~~~ s_ , c~~~- s _ -  s _ c]
t r ,  I _ s~’s . L ’ nmr m a : - . s I c ;  ; s_a , - s_ - s _ . t i . c - ,’ ;. 1 . _ m a . ., .~~ I t : ,  a c l _ s  I - _s
V u t v i m m 1~ c ’ mn ’ s - s _ l . - ; s _ - , m i t ]  ; - l : - . . s _

~~~~(:‘,, i )  ~~~(x , t )  c c:, ( m m  — I::-: + - (m - -. , tti ) , ( 2 . 3 )

1. t:c  u H s _’hs _ i  c~~r r i s _ -;’ f i ’ s_ n n - . L m m C V  em i s~~ ’,~ t , t m  , . - , i t e l - .’ as s _ m m ; ] m a
I
-s c m- -- .~~

P an- ,  0 5’ - , . ,  1 t c- i :~ c u  S m n - n ,  u :.;. i_ i a - m m  c- m a c - I I - s _ t m  ‘.‘ I m
.~~ s_- s_ I - 

~,‘,‘ -° ‘, I_ i
-‘st t i V e  i .e: ’ s’~~~ r, , t i _ s  i ] i ; - .’l a . .  : ::t c , - s _ a L , L s _ :  t I m e - n .  i f . .  I s _ t n ,

3. ;n~~~ n ’-
~~~~ + n.

1~~ b> cj ~ + i~o t m . : t 1 , n i  a t ] l c i .;t , (2. 1)

li me - coup l a : m n - , i - .-l’ m. ,. c . ,  , ~~~~ b c ’ s _ c e m e n t  i n t c - r : - . s _ 2 I m - ;ps ’  s t s s t c n ;
a r s _’ i 1 m c ’ r c d  . 

3]

‘ I l m o -  c ’X.. C t S c I - m s -li s_ 1 I : . , m s _ -t’  s _ 5 ; _ s ’  t i _ I c_ s ’ s  1 ’ ;’ m I s n c - S , St c  \‘ s_- t a ’ c ’ (2 . 1) mi tt
equ iv:- l s_- mi L to  , ; m  i m i f  i ; s i ls s _ - ‘ . tm c c .  i I s a ’s ’  a ;
e.- c~a t ;  i s _ m i - . 5I ’s” n I ’ s ’ i a f ;  m s _ c -i  a- c ] ’  a ,,~~_s ) , i. ;-] C , ( i _ ) ,  b u . .  ,a i n , i  I f s _ c -
, i im . 1 ’ l  I t ; : c i s _ - ,.: ‘sn _ s  .~I 1  i _ m s _ c  u s  .. ‘ ; m  . s _  m , . :  s_ a 1 . 5 1  - - I’ . An t ~ I i :  cit  S U e - ; .

s_-:~~ - I m e - C e !  t ’ _ s  c l ] :- . , : m . I s s _  t : -  I ,s ,. . ,. I a t i  m’ t , ; _ s c -  . . : ‘ s ; ’ l i t - u os t:~~i n -.c
t im .,- s _ - i c - .- - ’  v m m ’ v i m ’. - , - l i  I s _ s _f ~‘~-~‘c -  I c i .  - , a , :m _sc~ . s m , s  i s
q t i m a .~ L— ’ r _m . c c - ss _ - m m s _ m l t i s _ m .: :~~ a . . , . - f i m ,  H ’ ; - c - n m c  I :
am em c:’’: ,n 1, Is is_ - m i  ,nn . : t i ] I ( _ p I -. - - ,- , :  ‘ 5  m l - ’ : t i m e -  l i - m s  m l  s, - i m n : i , n  m t

, i ; t ] e ’j : :, i i t - ; t ,  t I :  f m : l i m  - - ‘ l a t e -  ‘. m s _ .  : s _  . s n 1 : mc t i c s  t m - s_ - ms _ s t im e .’
C ’ q L u . I m  j o I n_s f t _ s t C ( ) zt~~; f’~ ( m  ) . ‘a s _ a ,  u s , : ! I s  a, ~‘si r of
coupJ~~i] lti t s _ I : d ’ ’ — ’ c I i m  I s _ - t i - m c i  , ‘i l  is- ’ m - . m t  i - - a s  s_ S i , c ~ t v p c

_____________________________—— —-—— -—‘
~~~~~~~ 

‘ _ -
~~~~~ 

-- — I - .  ~~~~~~~~~~~~~ .‘~~~ -
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~~~ C
3

( t )  ~ - ( s~~t ) - m x ; ~~ - 1 t )  

~~ 

di ’

(U
1,1 ~ .(x~~t ‘ ) C ( t ’)  e-~ .i’ ( i e-~~ 3

t )  + 5
j 1r ~~ (x , t ’ ) C (t ’)

e- m-m~ (I s  - t ’) , (2 . 5 )

(A Sj i s a L I a . , 5 s_- - ” m . , t m  un  f . m  C ( t )  ~o h ) u ’. - c . r c : .  1. ;;. (2 Is .) u f ’ i r m c
i m c a s _ n r t i n . m n n _ s i ; , ,’ t i e  i m a d i c - . - ;: :. m n , s _ I  1 -  s - i t s  am : a o t i . i

Tim e , ,- . ; e m t  rm ; a.- f l s _ ’m . m . .,m : u m c .- .’ Ce- c ’ s _ I c _ s c ]  t o  s.,~~:, - . , e - , ; - i , . -  S e - r i _ n  it

l h s i t m  . m ; -- _ sc ’ , t s  i c _  r e - p l u s _ - i ; : , - t l . c  i l _ s i ]  ; a m :. : l n , i _ u I .- ~ (: , t ’)  - sc ]  t i e-
at c’ , :m i s _ t. -.; l i l i ] s _’ n. ‘2 ( i ’) int l  C

1 ( 1 ’ ) j,m , m ’.c- i n s  1: m t ~~;’ r s _ n i s _ s i t : ,
t ime - j r  V 3 l U e . 5  ,. ‘.. L I . a s~ u ; i ; s _ r  1i’s, i~~ c- f  i ; t , : m . m m t i a : m . f i ; a . m l v , t i:c-
Ca-,t t c t  ifl t - . r ~~t~~..- , 01 CI t e-  ; i _ m m i n i m m ; ’  i - c : n n : , - ’. :t : r P h f a a - m t ’s cm ~;c h~
e a s il y cs, i c_ I  s_ c t .  A’. t . i , l s  p .c-i , it  , I ; .  c O f l S i S t c n e  , c-;ilv t . i m c
se cu lmtr  t e - r m . ~ m s _ u e -  t f e ’  r e t  . n j s m u d .

As a r m _ n , - a l _ s , t l n s _  a t c ’m : . i s_ . a: ’sci h i t ’s  . - . . C ( t )  ai m] C 1 ( t )  c: r s _ ’
f ou nd  to SaL - f ,  t i n e .  c o ; J ; ’ ]  Cd s _ - q U~~ t. i _ s - m a ,.,l m.ot is _ . m -

C ( t )  ~ ‘ L- L
s _ i

( i _ )  + 
~~~~~~~~~~ 

c ( t )  C -

~~ 
C~~(L )  i~’ 1

~h l . ~~~~~ 
Cb (L) ~ 1 ,, um c ( m )  s_: 

~~~ ( 2 . 6 )

The p ar c i’a. s _ ,- t c - c m m
I’.

k = -
~

- 
~. ‘~m~~ -

~~~~
- -

ca -11 . ja -

3 a

k
bb ~1i ~ ~j b  

~~~~~~~~~~ (2 . 7)
3

a r e t he e l e c t r i c  e- us ’ , c _ ; - i ih i l i t i c s  0 a _ s ’ i a ’5;i c; m i t _ s _ m m  ifl  d c c- s t a t c ’S
a> and b> , r c s ps _-c il v,.’) y ~ cd

k ,1, ~~
‘
, ~ _- ‘~t~__J,~I (2.b)
j

Is the so—c a l led  t~ ’o— p hoic ; :c  gvrc ’ c s ) e c t  m m i c  r a t i o .

The phac’ cm a n m m i ] lQ 0 in ’ ci, - is;ts d ct~~

_______ — —~~~~~———-——~~~~~~~~ ~~~~~~~~~~ - .,
~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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(2L — s_
~~,n) t — 2k: ’: + 2~ I.x , t ) .  (2 . i i )

As a ch eck of th e i : i t s _  t ; ; . t l  c o cc ’ . j _ s l e::i ’ J ti s s_  ~- l I : s _ : , . ,  t i c - : ,
p r t . c en- m , c--c- e-l . , e - r y s _ -  S I n a i

~~ ( 1H’  + 1C h
1 2 ) = U (2 .1~- )

as one w o s _ s l d  c - n . e - - s t  t m : : . I r a - f  n - t i - ! .  c_ - : , - ’ - r ’ - t j c m , , s ; -n - . . s _ - m ; t n ,  , f
t h e  v i r t u m p i .  ; t o_ c  t, s_m a ,.- ms_ c t. ; m c - ; u ; . t t s _ ’ _ s I  : f n . s s _ m . s _ - i i . - a ’. 1 : ,; Is _ S .

The ;,: :.p ii t - a d i , s_  e i ;u  i H . . s m .  (ci  c i )  bs _ a mc c s_a: n , i c a - m e - f - I , . ’  c l  m I s i m n i ’ ; t

F to t he - sc  m . s _ m a l e - i ,  -, s . V , . n i  s_ f . ’. s_- - -.’ - ’ ] e - ’. I ’ m ;  i f  t , a ~~I s _ v s _ l  s t - m s _ a
(m i c c _ s ’ ; h o t _ s n m n  t ; ., : , n j i j _ s - : c n - )  . i t s  t I , . -  i _ . - . . .  --~I , .  l a m  L ’s . . ,,. , l ,,.., s _ , i m t , t I c -

f i _- I  ml t a m :  I s _ e m  :3. - - m - . m - s _ c’ , ‘ - . - ma ’ _ . - . s_ - , _ s  
- 

‘ — c _ I  :. ‘ - (

of t h e - -  5s_~~ t u s _ s _- e l  t a t ,  a t ’ - ,: i c  t ! s - n , ~~I t i ’ m i .

III. I’i liii) E ’iC~. e I c b S

The f i e l d  pr o p a~: s _ : i i c i a  i n Cl i :  i .:edccn . :s is d s__ s~~cc ’i1 - e-c i-v t i m e
wave e q u a t i o n  in one d i s _ s : , ’ m ; ; s _ i i . m m

- ~ — ~~~~~~~~~~~~~~~ .~J. 
~ -~~-- j- ( 3 . ) )

~~2 C 2 s_ u t 2

whc- r .m~ r i t e -  c s - n _s m _ s c  t m a . r c m . P In ’  t I ; c ’ s . . : r _ s i n - n s _ n~ .c ;‘ _ s 1 . t : i _ s e - t  i c ; m i  .1  t f , ~
sm s_c:.p l c _  m an ] s_~~~ 1m5 t i l e -  Vouc ’s :m :, p c - r : . . : ct i ’H t :  . ..-. s_ cs_ s’s’_ s , . s ,j ,  c - I
r e - -p r e -~m .  m a t  a t  i - - n a  f or t l t s _~ s - s  s_s r e - n a c o n i c  ~ ; i  s t  I za’st c-a 1-

l’(x , t )  = P coma ( s _~t—ks + ,) 
-4 - I’~ s in (, L - - . m - m 4 . ) .  ( 3 . 1 )

T u e  i n — p ha se (1- , ) a ss_m d o s _ m i — o f — p b s _ i s a  (I’ , ) c:’: ;  , n : m c - : m t s  t I  t f , s _

p o l a r i z a t i o n  wi ~~l ha. ’ s i e . ; Is: v: ar I N s ’ i s _ n a _ s l i m s _ n a ; .  of n t - c c ’ , s ,d t i m - s_-
if the car r i es :  [ t i n , s_ui .;c: ’_s of 1’( >s _ , t m )  is : m p ~~r _sa-c- mss;m t s_ 1,-c m,s l- .e- i- , a s ’ ss _ as

tha t of the  di i ’s ’f c s :  f t c - I d . I n  t I s_~ p r s _  n . e - m m _ s i -  c - f  c o m m . .  L im a ~ :: m : t m  I —
bu t io t i s o s e l I l  - i _ c u p  c it  f c s _ - q c n e m m a i c n i  c t l : s _-s _ t in s_ atm m _ ,  U .s_ s ; -c - i . . r i t ’ s _ . t .i . - m ’ s
cnr . p ’ ’> c t , - ’ sc t u-. }‘

e- 
m a c m d  P ., n - I l )  , of cs_n _sc I’s s _ -  , l; s_n u . a ’  I c, St i S s _ 5  c - s _ I s _ w h y  v a ry  i

Th m i s  iu i sue  wi l l  l p s _  d imm cs u n.e - s_-d m ’ s i r e  at. ls_’npt. s_~. i n  S~ am t i s_~i;

WI t h i n  t t m :e ’ s i c . s _ , s i .  v a r - i  : a m  as :;: I f  t ’ m s _ l m _  ~. ms _ f j ’ u ~as s_’ ~:p;’ m a m -  1:. , . ; i i  a - a’ ,
E q .  (3.1) r e - t P a : c a  to t hem m u I i s _ -. : min ; p ,, t- ,‘f s_- . ’cn p I . ’ s _ l  t m

~~ he-u L 10’s_ s

-- . ? I. p
0

~ e- 
~~~~~ 

+ ~~~~~~~~~~~~~~ 
= 

~~~
“ “~ 

( 3.3)

~ 

~~- -
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w i , i c _ i i  s _ ’ a V - . r um t l , s _  l l r a I . m I ’ . t i i - c a  o f  t l a ~- f i e l d  - s ; - I i t U ’ l s _ -  
~p u n. m,,- ,..

IV . A TO I -II L }-U !.Ai- I ZA1 u~

‘Li,. ’ .; s_~ - a t .  s _ _ s n  s _ t  : i i  i o t a  c, ‘‘ c ic , , . s_ -~i 1:; 1.., - i i c t a - . 2 t . : R I  3 a. r c’
i . , a d e  si - I:’ c a : a s i ’  m s _ m t .  L i v  i_ a c l c u l . t i u , :  ‘ c, ; -a ’ ac m c - l z a ’ c i _ s : .  t 5 ;
P s _ m a d  I’ I : ;  s _ c - u  -a  s_ t i  t ic  a s u . m m t n _ s : ’ - :- c - - _ i . ; ’ : : i s _ . n I  ,. t e . : : i a m  a ’ :.
h~ d s _ 1 i : t ~~t i ~ ’ ,,  t f n ’ .’ - - s_ s r _ s  as , ’ s ; m i e  P O i s _ . T t / . , ~~t i e ~~, I;- iIs’~c nt H_s

I’ = ;~ ~ (t )  p~ ~~ t )  — (h i . l)

v i t a - i - , - t’ i ’, t . s _  c l i ; l n -  - a _v- i -st em ;’ ’ c m ;  r ( m n : . ( 2 . ’- ) ) ,  ‘ f t ) : .
t h e’ ,i ’s _ a s _ s I c c t _ a t  , , r s _ s U , I  v .p .  ( 2 . 1 ) ) ,  a s :n d  . i ;~ t im e c i a - s ic m s _ c a l - _ s r
de m m .~i t v . a’c-. s _ - ; . ; - , c m L ’  s_f , s _ I s _ c m  t , ’ l . m l  p o l c m r i z c - c i s _’s c , ] r s ; n s _ - u a m ] n . c m ,
en t i r e - ac -  t of m o _ , - c .l c ,  , a ; . t - l i  i c m cf s_ ’ a m , I . e .

‘~~~~~m~- t * 1 -
P 

~~~- s_’ j~ C . , C~ e- 
~~~~ 

+ c- j~f_ s C
b

C
j 

e ~j O~ + C . C .~ (4 . 2 )
-I

Ou t ’ ic:. m _ s s _ s d i .i t c - s _ _ s n a P  i s  to e l i m : i : m . . t c -  t l~~ I c . ; .  r:’.a i l i o _ s c -  c - I s _ cm, ,.
at s_ a p l i t c cdc- 5 C , i s - .- : n . . - i n. i s _ - : : t 1 ’ a s m t : t  t . . s _ . c- p p r i : - i s  u s _ a c - -  m s _ s _ u , -  1 m m
r i v i a p  t h e  m~~e- : i c  e- ’ m : m ; t i c - : .s m a f  u _ s i _ i a _ m a  ( f - _ s . (c i~~~ ) . i _ j ’ c t t t t . c -

re p i a sc~ C .  i : m  ( : - . ~-, . 2 ) ,  ;si i _ l n  H e i r  c m - s m _ a  f m _ a r m s_ n i s o 1m ~t i c m : , ‘s_ c-
a L -p l a c _ -. t i - _ s  ~ i,, ’ s m ’ .’ \‘, . O v I m ’ ; : s _ s _ I  i t i c  t i c - a  ~~ i . ,  U ’ ) ,  (‘ s_, ( t ’ )
Ch ( t )  ‘, s i t i n t i -H i \ . s _ i ’s _ n s _ S  i I  L . s _  e ; ; - ; ... r i~i s_ s_S U .s_ a t i m  -

g r a t i e - : m n  s_ n t_ ad c a r a  ;~ 
out t n m i s _  :‘ m s i , . j c _ s -  t a _ i c :  - : - : : _ s  c-_ s h a s _ t m ’ m ’ .. n

Time r e - s e m l t .  of  f e -  I , : ; s_ - t i , _ s  I ,u . . . m i m  p lc ’ . . .  T c s _ , 1 , s _ . t i cn :’n _ s ,  s _ ’ s l~ ,

p o l a s s i m m .-a ’_ i c _ m c c . . . .~m : H  u s _ H - : , . .  Li. -~ s_ c_ - s _ t i t ia ’s_ s _- ,m s _ s_i :re c I s _ :s _ ma c - , cmi -
wel l as t a - _ : . .. ~~~_ ’~~u : 1 a t c m n r . m t  t i c- : . ., s _ : ; , .~~~ - i ,~~~ 

; ,
T h e n e ;  as_ I ] I’s _ I _ a c -s _ C  t c  _ s s _ , . ’~ c’ s_ s I !  I t t .  I a , ., U t s _ : , s _- - C r s _  : , .

‘ ~~~ . s _n s _  , ‘ sas ’a_ss_ S

op c ’m s_ i I i . cl_ s ot’ t s _  ; - s_ - ! I I ’ . f ’  If, ,.t ;- s _ sum , : ] : a’s ,a_c.,: p.mm -m c i , ’.
p l a o t ’ s - : m  , I ; a m ; - m ’ 1-cio n cr  s _ m c i - i ,’ ,. ; - : - .. - ‘~~~~ _ s . ,’ _ s .  m , , a j i s _ , f  .a’s . m j ’ . H s  a_ sf
the t.l I r d  i a a:’m .s _ - ; ; n _ s  c a m t : r m ; m m l , : s _  l . ,,~ m m . ,  a s : ,  : i . .,t cm can I’...
el i c - i : s _ s _ : t ..-d i f  s _ i c -  , , ‘ . j a b - : : u ,  ps _ m . f c - s _  i n ,  : , . m ,_ u J . , :  i v  ;- s _ I s _ ss i u s _ - t.f ’
Rai .. .t mi t Y p e ’  -_s _s’ m - p c ’l i t s _ a _ a m : - - , , . c~ m t a ’ - mci ‘- m l: ,. a.. s_ mm :  U v _ s  ‘ s_ -c l c’s_ s
Th e c~c2c ’ .- L i c ’ m ;  u l t i m e 1 m i m 5 t c - r t  m a c  1:; t 1 ; i~ ; r . ’ 1 - l e::. s_ :- : s _  a m . . — t am ’  I t _ s
worked out in d c-- t a l l .

I~ t h e’ f o i l .-i a- ’ i m ; , ’ de-v ,.- i i - - ’ . - ’::t asc c m - - I c _ t i .  c . n i s _ ’  H i , ,, pe n ) s r i —
z a t i on  e.~ -:. j - a ’ m as _ -rt t s I l l  “ s c i t i , n t ’. :11 s_ h _ s: Ilc 5s:, ‘- c v  of  s _ I .e
incc ’m: i. n s - - fj,_-j.d. I s_s  t h i s  c s _ n s a  , t i ne- ‘ i s _ i _ I , :  p l . m r I z ~~t 1 _ s - m n  t c - b s _ - m _ s
t h e  t o r n  

. _- 
.- -- -.

~~~ 
-

~~~~~~ 
- .- 
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p {
~ k- 

2 + k I s_ 2 
~ P (C c~ 

, , J
H a C  

i i
ysi - i  I i i ’  a -  sib ii , - ,j Li

-m’s -a. - c ’ ( _ a s , t ) r s e - -  ( t - ’ , , a k ci (4 .  i)

+ N 
~~~ 

u ( L C~ i - ~~~~~~~ — ( C ~ e~~
’ ) ~~~ ( :-: , l ) s i n t i _ s - f ’ m - : ’ 1 ,,)

A- . I: i_ . , s _~~ s_ - i c - — ; . i s _ _ a _~ . - - , s_ n , , . - - l _ , s  c , ; : ;  u -  ~ . _ : - . c - 5 , i . 5 o~~ L a _ c -  
a’

e;-~I - s_ - e i_ s_ a 1 i i  i ; i s _ - . a a  a . . -: - ,- t m .  m u  - ‘ t i l t  :- ‘ s _ , m  : i _ c s _ d c - ; ,  ( m  . a  . C
i t s  s _ s _ u s_n i _ s m  - a - , I . - .. ’ . a s _ - a , H, , m m ’ - ’ s__ _ ,.. a : s l a . : , s _ - : . t .  a . m c - m ’. , , H _  a_ t I -c-
on t i - . c - s - p m I m i - _ s m :  m m  i - c- m m _ _ s  I ’ , ,  I s _ - y e - I s  i_ I s .  - - n C, - ,,: ac  i,1 a ’

V. COll - ; .LJ _ s  ~\
‘J s _ . ; : — -  ‘ I t  a _ _ s m  i . t .t _ s A m l i e-i s

liv s _ m m m , a l : . ’v ; s j t i m  t i c , .  : . l . . - , . f ,  a - - s t - c  r e -p :  s _ m ; - : m t . , t  1 5 : _ a  s _ t
on e — e- i a ~ ’ m  i - u ,  s _ s _ - s _ a  ~~ , I t  ~~5 c m - m a , , : ,  i i  . 1  Cc- t m - c  S c n , I s _ t a _ c  t i a c ’  - i . .- .

n m t o : ’ . iu  a’ s _ , I  i , t - l c - . . t

* i_ s i  a’
K = i ( C C c — C l  m - )1 a t -  a l t

K 2 
= _ ( C

ms
C

~ e-~~~~’ + ~~c1 e~~~~ ) (5 ))

tm
3 

= l C b 
— C~~~

1h~ m , c l a - t i c a s  i t s _ n _i t a m -  i i i ’s  f s _ m : . ’i ] l , - n ” l o o l s i m i g  Vs_ _ _ s c t  I a _ u’:. f_ s_ s
a t o m - i c  -q i :ci i~ em s_ s

C
= V -~’~ 

E~, + ( _ i - . .~~~+2 s~~ )
j  

Cm~ ± 
—

~~~~

. am~~~

+ (- - - . .c ’ ( 5 . 2 )

~
i
~3 2f i~~~~n 

g~1

T h e  f i s  3 - _ i  ~. i I a m . u . . i ’_s ,;. L , t ~’sc L i a s _  C i t s a

- 
,

(c 
~ 

+ 
_sl .) ~ ‘ . _ _ s.L’ 

~ (~~-a_ u-: t . t  0 C l ’ ci
0

( 5 . 3 )
- - c - I .  - ...

( .
~~~~

-- + -
~~

- - )  ( j , - - , . - l - 2 I ~~~ ) ~ ---~~~~~~ i m s _  -
j ’  , a _ t . ba t  s_a r , -. . .m -sab

S

~

—- —‘

~

- --—— -

~
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it is c o m i v e t t j e - s c s_. t i  c u , i r u d t .uc e s _ I c _ a  Ha l l - m - : 5 - . m J ’  i m e m t - i L i C i r a s

— k  ‘—~ , Na - .
1’ =

‘ “ a _ m b t o

k
v’J + ’ , 

~~~ ~~~ 
= ItaI l t a c c ; u e m n c y  ( 5 . 4 )

m m  2. --c - 4 2 1”Cia ,a s _

rod ds_ ’ . c i !  s_, s _ I c  . - . - 1 u t  i - - m s _  of  s _ b - - ; L i t s _  c - v a  _ s s _ : . .  I:,  t hu  t r - - .- e- 1) l u g
r c n f c - r i, s _ , : , - f r s _ , , : e

x >5
0 -_ ‘-‘- , I =

C c

Final]’, , the  (m ci ,s t . ’] ~-d S c l m r ~~d i :i ~~c - r—1- :a , . . ; - ,’ e - I  I c ’quecr s_ i c a m s  C a s i  1. _ s C c i S t
i n t o  t l a t ,m f o r t c c

mc
(~~~~~~~~~~~~

- n ’ ’ I l R  +_ .L  K ,
“ ‘

~n C 2 a_ : ’— - - m  .1S y i .t -i ,

~~~~~~

-~--~~ = - -—-s-- --  C ( 5 . 5 )
a T  .1

a
g a _ - K

1 ~~~~~; s_~~~s_

all 3K
3

~ r,(-”c-’ — -
~ -“i:’)

The f i e l d  d s _ t m m p 1 01  t c-r n — I m i ~ i~~- am -m a m s _ s _ i d e ]  ‘p l i c ’m ; c :  s_’ m m - _’t i  ‘ m m  i c _ s m ,  l i v
to d e s c r i b , - s _ l i,’ - s _ f  u s _ - c s _ s  c- f  c i i  I a m m j _ s r , j - m, a m a _ i  o H m s _ i  ai . :_ a ’ - r c_s ca a. _ ao s_n: ; t ,
Sc a t t u r  m a c p  lc :ca S a_s s . l i i i  C O U P ]  is_sI e ’ . ; _ s ; m m  i i  omas ’ I -  .5) a re  v a l i d  in

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~.i~
_
~_1_ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

__
~_i_ in’
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t i m e  c o h e - c m - n a s _  I i r s s i t , I .e . , s _ m i s _ mn a r - - s  i c  1 ’ - l , L - -. t i n _ c :  s _ I  f e - c s _ s  ca n  1
n e g l c ’ a a L s _- d .  i i i  U l m i ; .  u s _ i t  t f . m , - c -  s _ - , u 1  a ’ -  i l l  - m m ’ s  c - m m  - c  ‘ I c -  n y c  s_I ,
tw o j im i _ l i e -  t a r s ,  s_a_ f  i s a - m a n ,  - u  v - s _ i n s _ m m  i s _ a , - . ,  t i e -  t I,ir - i i a i d i : c , ’ am
l ink  C - a . - s _ a _ ’u c - t a  t i m e -  f i e l d  j c , i s _ - : , . , 1 t _ a  m a d  s _ m e -- u s _ t a _ s t i n t _ s  . , c ’ i _ i s  le - .

l i m e -  f j ~~- ’t r s _ ’ l n s t i a m n  i _ a -. si c m - - , .s_ --cs ,, - . m -  e - i t  m I , -. ~- n - n l - a h i l j t ’ :
c u t m s s _ ’ r’ _ s , . t  I s _ a m .  (L q ( 2 . 10 ) )  a - t s _ C e ]  i t t  t e l  of t i e -  1 5 1 s _ a s l n  v s i m j . s m i i ! c - t ;
t a t k s _ s _s tL~ t c _ r m a

I ± -f c ’.~ I

11cc’ second , t . i a i a _ i a  i s  v s _ s l i d  s _ m m ) :  s _ s r  r a . a m c a. - t  l - : . . - i - . , C i c - :  ( I = O ~~,
i t  a di r_ s’ . U a. m ’ m n - . e _ s ; i _ m c - nca ‘f t i c  a , , - . ‘ . s _ I s_ : s _ _ i  t : i _ s - t  .~~1 5 l i_ s s _ _ s _ s . 5

l i m e s _ t a _ s n  cs _ a a ’, t I_ sc - cca: s b i a, _-d t a - n  g i a s _

— 
~ K 3 = K 1(o) — ‘, i ) ( O)  ‘~

‘m ( 5 . 7 )

The t h i r d  s_ -m s _ a _ c e  r e l a t i o n  f o i l s _ _ a m _ a  I a _ a . . : :  t f s _ c -  f i e l d  m _ s _ s n m .m t j c - : a s a f t s _ r
they have _ a i - c - -a m_a co:: m l- in c.-d tu y ield

- I ( 5 . 8 )

i_ c , t m s _ a L I o a s _  ( 1.8)  can C e  ici s_ ._s s_ c s s _ ’ c ’a l S t  t a _ c c ,  s _ a _ i t t ,  s _ f . s _  s _ c u l t ,

= (.~~, f )
_s 

c-~~~ ’ 
(5 . 1- )

I b i s  i c c - i  r - s s _ u l t  i s _ I s _ s _ _ s c - c  i _ f a t , in  s _ i . , - a. ‘ b ’ - t c : n m t  1 1 : 1 1 , 0 r e i t _ s : a . . ’ n t
puls e  (, .‘ - ( t) c i a  ~‘ r cl - , n c ’ c n m u s_s_ t l m r - ’ u I - . a; i S , ,  s _ . , . s t i a , .’ ,_s a_c _sfl s _ m m . n a l c : , m v _ a m
n . a _ i c a t a i i i a t m s~ tI m ,- rese’m~,. , s_ _ s c cc- m i _ i :  t I _ - m s .

V I .  is_ m_ m~ m,-Is_ ’-_iIT C_sI ,m li, L Ii i’ !a.m s_ I’,mti~H a._i. . ls_ .I- I m - ~,’ s_ P n ’, l I C ’N

The coup led  e q u a r i i m c m .  ( 5 . 5 )  c s _ m t  I c -  c a j ” s~~) 1 i  i c ’eI .:Ors _ cc i a l e ’r ’ma 1_ s i v
in s _ l i e ca se-  of r c ’ s o m a . m m m t  p r a m  r _ s c , a ;  i c - m a , H e_a - e m i t  c a -n : ;  1 a.’ c - : tS  _ a l v

~ hoc-~i t i a s i t  t h e  B loch  a . _ s ]  a t  i a _ t i c -  s _ m r c  1 r: . . . , l l ’s  c s _ t t i , s m H c d  t.r ”a ) , 8
CK3

K --—- s ir :1 /j4 2

-~~

K 2 
= —-“——- (coat s_n -

~ 1) (6 . 1)
l+ y2 

-

R3 ~
1: ( C O c  c 

~ ~~
) , (1s_ C 

c q a i l  i b r i m a n m  p o p u l , m t i c - r , )

s~

______
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p r o v i d c - d  ti m a. ’ “ . a r i s _ , l . l s _- ‘j( ,~ ) i n ,  c i ,t a : s_ . . s _ s _ d  to s _ i e -  f . m l s _ j  f r c - -m i u .  m u :

( 6 . 2 )
ft

s_ i c  b y T

o ( i , , a )  = J d~~’ . ( -c , T ’) ( f . 3 )
U

Titus u ( r , a )  is gr op~i r s _ i .~:; . 1 to t i e  t a C s _ . i a  , _ s i a m t e - s _ i  p s lo e  e m s _ e n - a s  u - . _a
to t I m e  b ia s_e l t I m . , .  :. ( a _ , - ,a ’a_ l v  t i _ s  t - .i_ ci ~a _ ; t J a s , -~~~~m m , - i~m m  i_ t i ’. a i i i
C -c g i v e n  i- .

= lit s_ , c l , n , m i  ( 6 . 4 )
~1’

‘Ih e  d y n a _ :u a i c s  of ii s_’ c o e m s _ ’ I e - n i  at t o m — r I a  i d  l v i - N - -t i s  t - - v , ’ ’~m : - - s _ i  1 v
E q .  (6 .1)  and 1--,’ t he  j n . s _ s _  j a i l  a . i i f ; s _- r c - -, s t j a l  c s _ s c - s _ m t  1. -m _ a

L = —~~- c j f l c ~~~~~~~‘ ‘.
~~~~~~~ ( 6 . 5 )

;-.‘ f n i c h  f o i l s _ s _ s _ _ a .  d i r s _ - a _ s s _ 1 ’. I i ’ s_ - s _ s . ti_s .  ( 6 . 2 )  ~s _ : i_ i  i _ f . - -. 11..] .1 m ’ c .u  - s _ f - - m s _ _ a
0_st t a m a . - s_, c n r s _  . s ,  , lit ; . ( - _ - . Ic) I ;~, r e ; , •  a , a  — . 1  : .  s_ s _ i :  s _ i .  n s a — i _ _ s  2 s _ m m
equ m a t l s _ s _ ; .  m c - _ s t  ; m a. m ; c— . . d  _ - - s ~.t’, - .s_ s Ia , . _ i i . . , - m a i i S i s _ i s _- m s _ n  s_ I , . s _ r i l e ’
th i s _ n  pu i s _ .~ c v s _ n ] s _ t 1 - m :  i m i  a_I i m c - m - ’ n - s_’::c’.-_a mm H : - ~~~.- e-- .. _s. , .i  I~ ~. s _ - t

m mru d i m m c c o l e ; -  :mt , - ,md  r s _ s _, . n m n . t m n t p c n a _ ; n ,._s - t i . . m  c c - m n - s i _ s  ;, - ;- n • 1 : 5_ a  :. - t i-i

d i f  f _ a u ’ e n a . : i - .~ n- 111 b s _ ,  r ~~ s_ : p s _ n i  m m c d  : u ir ;  o m ;t i  1, ms _~ ‘ m s _ i mm : i s _ c r .  i s ’ s
t im e  Ai e C c i _ a~ —s_ - .s_ n _ s , j  f s _ m a . m j c -  a r c  n c - b oat ,  l o u t  : , t s  t I _ s -  f s _ m r ; .  ~s_ s in  -: , i s _ I m m ’ S e

C is a g a i n :  ;~ - c r l a _ . ’ s _ . .- r ;  na s_ - _ m n m ; . :l : , t I c  ‘ , a r s _ - sm ’’ _sm j s I n c - I  a
qu an t s_ i t - am In  t he  c:~~’-- l - c m t a : :  s _ m r  m _ a l i f i  c -T i _ i s _ c -

A n a s a t t i ; , - : : , m t s _ i s_m s_ : i cu sm .. s_ - q t t . m _ a t i c e  of  s _ i c c  s t r e m _ s t u n e  m l  I f - c ’  1ms _ m i mm
term iii our E q .  ( 6 . 5 )  is H a s _ a t t i e  e q a . : a s t  I~~n can l a s  1 : _ a t m _ p s _ c s _t am- _i
e x a_ c t l y  s_ -s _i I N  s _ c a p e  a_s m, to a m i t s _ .  l oca l  t i c ’ ,, - s _ a _ j I lt t i n , ,- r e s t i l

~ (n )  = - ~I . (n )  + ‘ -
:~~~~~~~~

- il-cos :- . ( -  ) )  (6 . 6)
‘ - 2

Th em cm s _ ca d _ a - a; iSa Lu i - c b s _ t v  b r  of t i m e  i s _ ’ s _ . a  1 gu I  cc’ _ s i n  c -i p. - , Y ( i i )  , is
governed Cii t i - c -  Ct m a t s _ t i _s  c - s_m s _ _ s s_- m a t s _ m i ,  s_ qe ca t  I c m ,

1-cos I. ( - ‘) 
~~~

‘
~~

- - - 1 (‘a ) (t ’ .7)  



F’ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

~~~~~~~~~
~ ~

l_.,,.,___ .,.,_,..____•__m.__._,_ ._.____ — - ~~~~~~~~~~~~~ —_,~ ~~~~~~~~~~~~~~~~~~~~~ . i..

I

COHI Ill C I I  il~U i’lIO ION / m m , m i . t H I a _ i -. I  tot: 14’J

2 f i
L 

- - .- 

I 

~~~~~

- 

[a/

~ \ 
/

1/

/ 1, /
~~~~~~~ 

~~~

/

i-I -“ /
\ /

-

~~~~~ ~~~~~~~

- - - 

~~~~~
F i g u re  3. m r .c- a_a i ’ ,, t c - t l i _ n . L s _ ’ s _~d :m n _ s  i s’ n c - l u  os  t i n e  en cr i -y

c - c ; U _ s c t i s _ ) m s_ ( i . n j .  (‘1.7)) c m r , m s _ a : ’ ’ s - ; , u  I n  t I . s _ ’ ~rc te-. t5 L: e 1n i s  Of

a t e  rm. t - : . m  11 c~ c- ‘a ’ .L ~ s _ I  t i c  the ’ ee: r \’e i—a_ on,

l Iac ’ c- t c- a - a i ~‘.I n i  i l i a c t .  I , .  a ’  m s _ P  3 i c_sc - a _ c- a: - : am- _as _a s_-
~~~

s _ : s _
~i 1 u s

) .,  1/ 2 , l / ~- r~~_ a m ; - c - _ s t a v s _ l .’s . i l l s _ u  _ a t s _ . 1 i ,  - s _ i c -  
r. s_ . m r l s e d  c- [ t i m  s _ a n - i  i s _ I  e ’ k r s _’ ] i .n . ilic - e t : m ” t n ’ f - H  c - _ s l u t  I n _ s r

a r c  ‘ a c - I -  s_ i s _ l i _ I a  s _ - p c - m m  s_ . i : ’ - i s _ ~~~, Tie- . c_ s  .I U I C , , 1 s l a ’]i
~Ia i n , f i i -d I i.m _ a~~) c . , cs_ a i s  0. i i _~~~s _ . .

I t  is c l u s _ .  c u r i um ; F ip . 3 t i n s _ i n c i : ; — ’ t a r i v .! m n l _ s o l n m _ s C s - m a r . u f  E q .  ( 6 . 7 )
wi l l  s _ - > s _ i c i  C s _ a i V  i f  i_ I -,- .5 _ a m ta.c 1 m m _ s _ a  r . a t j m  e>:c . c-s _I s_at a c er t aj i t
t h i ’ _a- a n i ; u ] d :.i ,a. _ c s _ a mm a. i  - S I _ a - n _ a  t i n s _ , t , I f  - ‘s _ m e l :  t s _ m i s - id  I t t  c : - : c s _ c - ,i s _ I ,
is _ m ults _ ip la ’ S t e  s_ mi y c - t a t e ’  -‘l s_t I. l o u t .-. s _ , t c- p s _ s _ c - i l - i c  . I m P _ s f ;  of s _ i s _ c -
p o s s i ble  c :. -s_ ii tsi p l c  c . a i , a t i . a s m s _ n  is  p :1 :n _a s _ s _ _ a  i C  r c - m . l i s _ e a . i  ph y s i m s _ .m l l \ ’ ,
depe n ds c- a  ~ has_ i ,.  ‘ a _ d ’ . ’ t m t  V s _ a c-c-:

B’s_n I t s _ - p e ct io n  of 31 p .  3 s e v e r s _ m i  s _ i s _ s _ c - mit I icc i _ i _ a ’.. conc lu ’a i _ s u n _ a ;
cast be d u e -’:’, :

i) Two r - i : m . u ) t , a m _ a  ‘u _ s c -  r s _ - p c ~ c m ’ ~~n : . m t s _ . : :.:s_ , n, i_ i - ~ aa , . _ s i sj j c - d  f i r  t ime ’
a m t - - c . p t o i i c  p r o p . m t - . : t  I c - I _ a  01 ~m p - s _ I c c ’ i s _ s_ - v 1 : 0 s _  ,c t o t a l  c n a s _ r 1’\’

O t  t I n t  p a r : c - t c ’c i l - i  -
~
- ; ‘s_: ; - t 1~_s e n s _ s _ t i l e r  O s _ a m

g
t iic- c r j t i , s _ , , l -  ~,i .1’,ue- 0 .7211’ ( t [ s _ ’ _am a _ a p ,  c - f  t I m , ’ d , . a t f n ca .1  l i m m i .-
imi  Fi g . 3), ,.sid th e ’ i . n m ’ t c - . - m n t  j ’ U I s e ’ : , s _  ~ , . v m u m - a t s_ m s _ c c , 2

__________ - • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~
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th e_ s u m s _ a m : , m r i c m t l v a i n _ i , -  cs _ a - i r s _ - n . ; i ’a a d i -. ; s _ ’ a . i . ’ t h e  f l u C i
ro u t  of I. _ a~. (( i . 7) . I f  s _ t I  m _ s _  m e l  i t  H,.:. , . i s _  - t i n  - c-- i ,
t i m e -  t o t ~~1 s _ - m ; - -m’ [- , ’a_ s _ - i l l c a _ m m ’, .- r m - s_ ’ t m i  a . n , t , i l - i c ’  a a m ’ m , ’- , . a s _ . s _  s . , I n t ~value- . i l l m ’ - _a I s _ s _ f - i  l i t ’ s  ‘ i f  i f . - u - - s m  ‘ 5  t i c n - - I t t ic - ma i_ s

Eq.  ( 6 . 7 )  c- a tm _ a f - i -  s _ i ns_ _a i_ a c - s _ I  s _ m m ,  a i m ,  s_ - c - f - a _  ~n s _ e -  I T  Z I n , : ’  t I : c ’  ‘-s_ I ~ m _ a
of d i / c m - n i t  s _ i . e  V i a  m a m i t y  c- I s _ I~

s_ u u m - s _ s .

i i )  ‘lit e u u m, 1 c u t  V O l u e ’  s_ i l  H - a s  ‘ i u l _ a , s _ -  em - _ s r m ’ - s  n .e - a  I - i s- l a r _ s s _  m n - r
s u . m s _ a J l e - r  i i , , - - , I i , s _ - i t s _ p s _ a : as - l - te - I i i , ) ,  s _ I -  P s _ - t m _ l u m p  0:_a t i e

t :; s _ - a m c t i t U d i -  s _ i f  1 ( e )  s _ i s l e - i  i’:ms- t o  s_ i c :  s - _ s c _a ct  t u t s _ a f’s i s_.
a i’:yu - m p t o t i c r e - a - t

ii i )  l l i s _ ’r ’ - is  c- s_ s _I ~t _ s m l 1  c m i ; : :  .1 ‘ c s _ m i , i . e . e m _ s _ m m  if ii .~. l - , a i m m
to h iss _ n r : , t m o  In.  s n _ s I t  c l a m  n _ a s _ i ’. i s _ s _ c -  i - c - , i_ar ,  ‘ m n [ n ? r  n - - . l

W l a t ,s _ _a , s _  e s _ t e m p .  i_a . _a - ::a .m n i c ’ r t t . . n m s _  t_ ; c -  h r _ a m ,  .,m a c - t , c a1- n l e rs _ n s- _ s
wi ll Imot  I c - . :.s s _ m l  ii i c -P .

More ds _ t , m P l e d  i c - s _ i n_ a u m : s _ m t  i . n’sm s_ n _s m i I . s _ - i r . n : . - i c - m a t  e’,’it - t i _ i o n  s _ _ a c _ ad e:sc ’ n a I c
-r m _ ao ds _ iimitl -..:; ris c, n.: i _ s c m m  s _ I . e  s _ s _ c c’ c - m  ~a 

~~~ 
- _ i -  a _ s _ u’ s l 5 . , l a s _ _ s j c , I t .  s_ - n ,  _ a - s _

sho w s_ in t 1m~ m s _ s _- m m _ s  C s_- s_ s _ i s _ a : : , U . s __ a  s_c_s i _ a . s _- ~. :m v s _ - [ e pa. ’ dc’ s _ _ a s _ s _ n o t  s _ s _ p p r _ n s _ a- _ s f a

a s t , c - m c d _ a -  n , m , ,_ a m , s _ H 
. n - l t . . .: . ,t t  l o s _ n  s . . i c a s _ c : s  H i , if t i n e  i f s _ r e ’ s . —

i-sold i a s _ - u t c i l L .l . , m : s _ n .  s _ s _ r e  :- - c t , t m _ c ’  p r o ; s p c-a c m m p ,  p s _ a l _ a - m e  l ’ma , i ’ c c ’n - ? s i c - d i l l —
ni t e _ a l v  a,; t f . c -  e m m s _ . c p ~: . : m [ ’ u ’ c n .a _ c .  n t - - I c  , a a ’ . , . ’-s _ s _ . t I ’ I  V m . iU , s .

F u r t h e r s _ s_ n r c , a-: : s _ m s _ .v s _ : ’ m . m i ~~:s _ ; l c -  s _ s _ n I l t H e s _ _ s H r am c i a ’  m:~~~~_ i i . .

t h e - m m - _ s a n  _ s P - l ~ s _ c a , : _ s  - - )  c , - i _ r e -s , - : - . i .a  t o  m, ~- ; c I s - : -  s_~t n _ V m _ l s _  c 0 t u t c - 5 a
ha s l i - a - m m  s t .  i t  1;: t o  ( u s _ — I )  t_ : , t ; : n . .~ -~~ .

\ ‘ IJ  . C a _- Il m m t ’ I L .  S l I i _ 1 _ s _’~~ R ’ ’ . . l C ’ l m m . f - [ I l i  0 :  a a : ’ ,” ,-H,fl P m I

The c - e t  of e q u s _ m t i u n~ (1 . 5) i s s _ ’m . - I- _, s _~:a s _ : ; . . .  i - . m t - d - . m c , a  a

hyb r i d  c ._ - : . . [ - u _ s m r .  in t h i s  s e c _ s c m - ’ . ‘. :s_ n : m : m - _ s . ,  ‘ i s _ s _ C- : I :c ms ; . -j t t  t s s _ a . : l t _ a -
w i t h  an e\ ’ .s c - m a t l t e  I u l i _ s _ ’.: i m _ a s _ ,  c s _ - . .t  s_p t’ i ’ s c-I i _ f a a .  pi’ -~~I n  lc’m .n

1) V a l i d i ty  of i f s _ i.’ t i m e ,  ~l s _ r 1s_i c a-s _ s _ t il t 1s _ m - mm - a i c - t ’ p r o p o g a t i n — : m
of si rm mp le s_ _a c - P  c - s _ c i t  S ’ l l -  I~

s _ s _ _ a ‘i s _ - S .

ii) T r a c u s i c a t  e v a ] u t  I m ’s _ a of i . : m p ls _ -  and u m s _ ’ s m l t i i .I ia p ul s e s

i i i )  A p p r o a c h  to  si am- n d ’ ,’ S s _ s _ s _ t s _  of s _ h a .  Ps_mis c c-c’s_ s’rp y .

The s yst em ” . i s  a s s s _ m r m _ s d  ‘:: . m c i s _ s _ s _ J  l_ sa ‘ s_ c - s_ - s_ _s , . ’s_ s_’~ . C i s _ , i s _ i s _ ’c t t. s _ -c - s_i 0
corr e -s p o t s_ d i m i g to t i m e  ln . I  t ic-t i  mind l ’c na . n :m - J s_ _ a r y  c s _’n m i l t  i o n s

R 1
(T _ a. o , g~ = K _i ( .  o , r,~ 0

1

h i (T , rn m ’O) = 0 (7 . 1)  ‘

W R
(1 , T p c i )  ‘

~ 
c

K~
(’h )

I I

_ _ _ _ _  _ _ _ _ _ _ _  

_

._. j_ ~~~~~~~~~~~
_

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Time i u p u t  p u l s e -  i i m t e n c n i  Ly  s _ n _ i s  s_t - .51 3 ’ n a s _ - s _ i  s _ f . .  ; . f n _ s p c -

- 2c.. (‘r ) a.. , m~~~su ( m -  m / ’ tIm, a -  p

wi sc- r i_ a  -r I s s_i c e ’  h ’ u l , c  d a t r m t i i - s _ a  I r s _ - m s  t h e -  l e s _ a d u l t i ;  t o t ic e t r ’ ,_ anlli m ’mi’
edge .

A _ a ; ~ x p s _ - c r s _ d , i f , - - C u s _ : . I m n _ s , I  c .  j m . ’ t f , . s _ i n - : a  c - l a St,  t l . , i s _  im s _ n . e
d e t s _ u n n i n g  v a n - s _ I c -  - -  i s  z . - r s _ ’  a t  H - c ’  I - c  - : , s _~~. s v  m t  s _ I s _ c  _ s . s _ - d i m s _ . . ,  I t
r e-r i l e s _ e m  C-p_ i s_c l s _ c .  m _ e ’ s  0 P s _ r n : : ; ’ I . -. , ‘ c - i ’ s . i n - m t  a u  t i a e -  po i m _ s _ ’ .

T i t s_ ’ t i t n a m - - f ; o i m I  c - e - : . P 1 t l a _ - : a n ,  I. - -- c- I c - i ;, c-~~,c C . -
~~ 

l s _ ’’ c l - - a. cm m i p  ~l

gain  to loss r , s _ r i c ’  _ a . n . . : i l l e r  i _ I . : t ’. . ,. - t I . ! s _ : m c _ s _ s d  v __ s I - _ s c- ( u s _ - m : i ; m r ; n a _ cm I
slc ’pe - of t i m e ’  ds_ .. . . s _ - n.s_ l i n e -  In: 1 1 , .  ~

) , -r  , s _ t a  [ m s _ s _ _ s e - i c - m a t  p _ a m ’s _ c -.’ ’
s u m m l l s _ r i l , , , s _ t f . s_ : s _ s _ s a. - : ’. c - : , , ’ l . . r -  _s s _ , : , a . . ,  . . .s_ ... , t (  

c i e s it  I s _ A n I l e  c m : : ,  I s _ u im . - _ a. .-- r s t i c a  ~~m a  i ’i _a~. . .  J i m  m s _ m m  _ s s _ a ; c m  t I m e
inc i d s_- u m :  p u l s e-  is Le ’ t t i . . a t t ’ e- i.c. r 1 m m ,  s _ c . ,  ~n r -  - n . e - p s _ at  i e . s _ ,

Ic -m e f i r s _ a t s _ s _ s _’u e> s _ s _- u : :~. i e - . of  p l ’n - p ’ l s ’:a t I s _ u ;  s _ P - _a m -  t f a r c - . f  c-I s_f
are s l i m - c -_ s n  it-n P la n- . 4 s_ cr_ ad 5. i l f m s _~ ae . ns_ s_ t’ . s _ a I s _ t i c -:’,., d i ~~p l .. s_ y _ s l m c -  e’n_ ’ s_e’
lut ion of two  j u m p s _ m t  p u l s e s  ‘s _ I  t i m  I t s _ i  t i s _ a l  e - : : c ’ r p l e s  : 1 ( o )  = 3 s _ n c m d

~~~o) = 8 , r c _ a _~- s _ _s i_ i - .’ as1 ;. , n _ _ s l a I n _ P  ~-r , . s_ m . s _ n _ s _  I . .  a. s _ s _- c - i c:.. c t n s _ a _ a c - m c c s _ - r i z c - e m
by a g ain  t o  l a ,-. _ a s r a m s _ i c .  s_ c [ n .ci1 Ic-  2 .  U s _ _ a d _ a r t l ,  oem s _ s u n s _ m i H o n s ,
E q.  ( 6 . 7 )  a t u d  F i g .  I p r e d i c t  t f : s _ ’  p r o p m _ a g s_m t .ia.m :n_ s_ P  s _ n s i i m l _ a ’m c -  pu l se .
Th is  is  c o n f i r m s _ c-ti I:: Fi gs.  ii m’s_ :sd 5.

In t h e  c O s e -  s _ i f  l i p .  5 , t I n , : -  j u , c H c ’: s _ a .  [ . e n l n s _  h e - c  , , t a  c m  c m _ a
lar s_ ’ c-r t i t a n  s _ f m _ s. e x p s _ - _, s_i S t s _ , a s _ I ’ s  c - t e , l_ s_’ n _ s _ s _ i n _ m e’ 1 (“) . S t r c  s _ p

t r o t s _ s i  i_ -m i t tmnc s_h i Lt s _ i  s _ i ; ~ n . mm d cia ,. m’ _ sv ii_ - s_ ci s s s _ r , . s _  t a _ c l  Z c ’ i t _ a c -  _ t , a. s_
l u t i o u m .  St~ I i , j a , .  c i. s er v e d s _ s _ I  ‘ P .11 s _ h e  c - I :  a -  [ a s _ i, i c - m a n ,  s _ s _ i . e - r i . . s_ f ,. ’
thre ’ ’aho id  c u ; m c f i s _  i a - m a t -  m s _ s _ r e  _ a a : t t i _ a f j s _ s _ f, s_ c t_- s _ m I _ a l- s_ - : cc’ _s:::;:- 1 l u ’~~_ ss _ a i_ i s _ n m
occurs  e - Vc _ sma ‘,n t i s __ a t s _  t t _ a C  p’s_ l i ce ’ c’:- ,[c- 1 ’ i e m c c e -s a i s _ s _- I  c c - e r ;  a’ i c c - _ a - . An
c x s _ c _ sp _ a le  of p-_t i . n_ s_- I t ’ s_ u i _ a — u p it. s _ I s _ s .c i s _ i  h i , , . C- . ‘l i m e  p s_ 1~~~ is_  s_ s_ i i c - n - n ,
ra t io  equa l s  5 and s _ I . e  i n p u t  a m - m : a - r g v  is  S e t  c - _ a l ms _- i to 9 . B .
Accos’di u n , -, L u  E q .  ( 6 . 7 )  am_ id F l ~’ . 3 , t h e  s _ i C y _ s  - _ s t ~ _s jc va _ mms _ s _~- a.’ ’i 1 . _ a s _ -

p u l s e  e n s _ _ a r g v  is p r e - m ,iici cd t o  c _ s - s _ ’ r c- S p a ” s _ m J t ’ n _ sPi ’ s _ i s _ i s _ c - !  s t .P- i  e
solut ion ( I ( ) = o i s  c o s s _ s i d s _ _ a r e d  to In c t h e  a i r s _ - t s to M a .- l’ . m o t )  .

Two pl’ o p s _ i p m s _ i u l g  pu ls .m- s a r e  m n l _ a s e r v - : d  un der  t l s _ c s c  c o n d i t  i _ s i n _ s .
contrast (Fig. 7) , a pulse n c i s _ ’hm a sm , . _ a l l s _~r i’s _ s _ p s _ n t  e m s _ c c’ n -v
(Z (o) cm 5) t r a v e_’ l l i m s _ g  in  a t a :s_ c-~ I c - : : .  s _ s _ i  s _ l i  s_P t -  s_- s_ c _ s .c  p. s_ n l t c  t o  I c’ss
ratio doe-s t ots_ em -u h ib i  t nes l ia c I r e - n P — u p .  u I _ a c -  p t ’ -.- - [ i c t i a ’ t~ .‘r’ ; ’t c -t .  ic
value of time p u lse  es_aergy equ a l s  ,g~,~~~s s _ c m - mm c i  c - - t a b l e  roc ’ i d i s p l ay ed
in Fi~~. 3 for  t im is  value of g, ’ : v’ i+’p-

In all the case_ s  shown s_ s _ f e-v im , t lc s_ - t o t s _ t i  ps _ s i c_a cm a u i a . ’t ~~.y ~_ a I

every sect ic I m al ec -_ ag i s_ l i e mg l i f i e r  w a_ a _ at r e ad  o f t ’ a t  t he  .i r r i gh t
of t l s c_ a solid liume s r e p r e s e n t i ng  the s_volta ic-nt of r ( ~ , “ )  . I l l s _ h
duct a i l s __ ac - -c - t ic - it  f o r  s _ i t t ’ f a c t  t h _ a , i  r. aas _ ’m s_ C of t ham ’  i_a iis_ :u lats _ i c - t a _ a ,  Ic_ a s_i s_c ’
be t s _ - m i s _ n  L m m s _ t  i a .’ -1 b c - t’. n r a . - r e_- i t c h i n g  s _ h a .’ i r a s y t m s_ l . t c i l _  Cc stage ,
the m _ a c [ r e-e- mmme ’ n t :  w i t h  th en p r e d i c t e d  v a lues  s_ ’f I (- ‘ ) was f o u n d  s_cm ic-s_s
qu l s_ c s c- t i s  la s_ c t c . r c

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Fl p u r e -  em . Cia : : .j. n s _ t  s_a’ F : . . a i s .  t i m  - : a  ,s_ i s _ s _ n ,  c s _ s ’_ - : “ t i . , e- ’;s_ 
- 

. . s _  : , - : s_ Si
t i m e -  p e t l ’ c c- m s _ u s _ S _ i t ’.’ I I , m ’ m ’ s _ m :n n _ m . s _ .  ,c-, ’ i _ s f ’, is _ , - : s_ , l .s_ -

.
‘i’ i , c -  di~~ : c  n ’ s _ t a t  dc_a c - i n s _ s _ n  c n m r v . _ s , - ‘ s_~ s _ a.- . a. m i s _ a .  i m : l c : s s j l m ’.’
C nVeio 1-c _ a  ( s _ i  d t - f s _ - s_ a 5 s _  ~~- _ s l  I , ’ : m n a  ,‘~~ ~~~~ c _ a m. ; 1 1  f i s _ - s _  . l i _ s
so l id  c - u r n - , _ a -  m i r e  t i s _ s _  a _ s _ - r u s _ _ s  s~~c : , s _ .  :, - s _ m s _ L _ a  s _ _ s c - s _ _ s d  c m . - s _ _ a - f m
c ’ (r , , - r ) .  i - : s _ n vs_ _ a u a . - - _ - : ’ .m ( - , :) s t a a.-
t he  s _ o s _ mm ) s _ n m a . - r g y  I ( ~ ) . Ih i . .  I - s _ _ s r , . s _  . . , _ _ a ’, s_m :’ . i . n I n - i s _ a , .
local t i m : s _ -  a m s _ i n m , n _ _ a l s _ i s _  ;=o ( l e s _ a i i : s _-. c- P p_ s of t he
pul se)  s _ - i  t I c -  f a r  lt _ a ,’ t .  lIm e I::. :- -,l_~

s_
~- m’ p. : I c -  I ( o ) m ~3

au _ a d t h e g a m i n  t o  lea - s r s _ s _ t i c  p / i  a I- ’ y es_ s_ u . s _ i s  2 .

I 
- 

-
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I

- Fi gure ii . E v n ,’ l s _ _ s t i c m m m  s _ - f  a ‘ s _ s _ ] c - e ’ . I s _ f m  mi iu _ ai t. in _ I a . m s _ , m  c’ - I , ( s _ - ’j~~~i ;
s_ ice 1 - a i m _ a  t o  i s _ a n - _ a- r a t i o  s_.- s _ u . m i C  I s _ nc  1 m m  P l c .  — . I. m e ’

t ime t r o t s _ s i c - n i t  o n veL - p u  _ s . ’s - si ’_la a t l o m a  , s m , P  ~~Sic ’ s_’ t

l oss .

If

-
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I

Fi gure  6. i’v o l s _ u t i o n  of a p s_ d an e s _ _ s i l l ;  i t s _ i s _ I s _ _ al s _ _ a m _ a s _ - r - : -  : : ( o ) s _ m 9 . s  i n
a ta cediu r m s_- ’ i t s _ h i  a p s_ - i l_ a s_s_a  i s _ s _ s n ,  r a t s _ i s _i e L . c . s _  t o  5.
asym ptot ic  p u l s e  els __ sr 1’y is s_ ’ :-: f’ s_ ’_ i t c d  s _ c ’  t . P .c mc- v s _ a l m s _ s _-
equa l  to s_i s_ C s_I s_ i  c , i  s t ab l e  r s _ - ccu , s i c _ s ’ s __ sun _  i n  i i
( s t r a i ght iii’s_ ct m 3) l,’mnd cr  t i - , n- _ s t c i c -e l t I c  ~~~~~~ ; - am ~~ss_ ’
break—u p is o h s e - r v e_ a d .

- ~~~~~~~~~~~~~ --. ‘~~~_ -~~ _ - ~~~ ‘--- _ - -  -. -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Fi gure 7,  P r o p J ~ s _ n t  ic - n c - I  a p s _ u i _ a t e ’  i _ s i t u  l u a l t I a t i  c - : a a . r p v  .. ( o ) = 5 .
Th me  g a i s i  to is_ - m . ~ r , m t j o  i n  s _ I , - ,’ s_c s_ c s_s_ c, 1:_ a F i _ s .  6 .
A s i t _ a p i s _ _ a  p c ’s_ m i s is s_ ’ s_-s_ p c’ _a. L~~- _ s _ a n_se_ a s _ i . e  s_ ’ s , s l t ,  of Ec . ( 6 . 7 )
and Fi g . 3.

IIE FEI-d :NcE s

( I )  For a n ice  sutVs _ m~~ n - c e  f o r  c - x s_ c m - ’.p l-s__a , L. Al)  en t m _ a d J .H.  El _ a s _ i l , ’ ,
Optical R e s s_ -n a n c e  am _ ad Ts_ s_’ C — l e V c m l  -‘a s _ C am , J o i mn  mu le _ a -  and Sc~ s _ . s _

‘ (New York) , 1976.

(2)  A very  ex t e n s i v e_ a  l i t e r a t u r e  i s  s_ n y c - i I n _ a b l e  u t_a t s -c -— pho ton
proces se’s .  For a c r i i i c a i  c o r m n p s _ c c r i s o n  of differ ent ti_aeo—
r et i c a l  ap p roa c i ces s_ cu d a d d i t i o n s _ _ a l r e f e r e n c e s  sc- u f c c -n
exars_ p ic-: U .  Cr i s _ s _ c ! n i , s _  :n ki , it _ a L an - c-n. L p~ i l i C a ’s _ i . s _ a m m s  s_c ’ Opt ic s
and S-p s_m e t r o s u o~-y , ‘~‘ s_~l .  11 c-f I~ii _ a c _ i c - n ,  of Q’s _ s c - a _ a t  s_ cm::  F, ) e _ a c t r o m _ a j c s
Ed s .  S.F. Jacobs , M . S a r gen t  l J l , J . F .  Sco t t , 11.0. S cu l ly
(Addison— i :eslev 1975) , I’m . C . r i s c } _ a k o m : c l s i  , fi .1-! . T. Lov ,
P .F .  Us_to , P h y s .  P .s_ n v . AU , 21-14 ( I O 1 P ) .

(3) F. Birahon , B . Capo n_ a c , C. G r vn h e r g ,  Fhvr . Rev . Lctt . 32
643 ( 1974)
N . U. Levenson , N. ( h o c m m s _ i i e r ’ 1 s _ t _ a I t , l hvc - . Rev . Let  t . 32 , 645
( 1974)
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( 4 ) ( n s )  I’ h e - i c - m a n n - .’ , I , A .  1 m - l i s e - I s _ l - - \ ’ , S c ’, . } ‘I s _ ’.’ m s _ .  _ 1EI ’I’ , I/ IA
(19~~~)
N. ‘i ml: i t ’  u j i  , i t a ’,’ . . h e  - i  51 , _ ‘~ m 1 (1 9/i ); J ’ i s_ y s  . 1m m -a - . i s _ 2
340 (1970).
I-! . i n c u s _ — t i m , , I .  Vi I m m s _ t o , H .  I n b c - , Pia 1. ’ _ a- . Pc -v . I_ ct  t . 29 , 1 2 1 ]
(1 972) .

(5) N . ‘ I s _ m i a c t o n m i , i m a , ,s .  R c v .  u’iJ I , P1 9  ( 1 9 / : ) .
F’. i i .M .  i’s _ d i a l , ~J .  i l _ s _ s n - .  I . ,  I a , 2U ’PI ( 1 1 i 7 7 ) .
J . C .  Di~s _ l s , C ; n s _ .  m u s t .  l i i .- m m ’ - ; ,  i~ ‘113 ( 1 0 7 6 ) .
11 . 1 .  \‘uc m _ a , 1 . 1 . 1 .  L i m o , Pt  i. u n m n _a:s o n  s _ m s _ c -  F o ’_ i r i i t  P a a . i - ~- _a . t . ’r
Ca r a f e - r e - t n _ c , .  s _ - m t  ( ‘ s _ l a -. r e - ma _ s c- c - m i s _ s  ( f o a m s _ n ; : . .  ( s _ a n t i C s , ~~~~ L. Ns_ mm :dc- 1
and E. Wolf ( t  c _ a be p ub i  I _a. i~ _a - I ) .

(6) R . L .  Cs_ in c - c m , I ’m ’ s. Rev . AU , 1048 (1975) .

(7) N .  Tan— o s __ a , K . \‘c m P m to , I I .  U s _ n I  a n , 3. l’f s _ - ’ _ a - . !h~~, 339 (l~~7 ’ l ) ;
- ibid . u S , 3~h,9 (IOU).

(8) I . E .  E s _ s _ i c _ a ;, L . ! I .  b s _ ; s _ ’ d u e c j , Ia . S i a s _ n m mm m. - m n , , I. - t i - n - c ’  a)
Ci tciers _to , ~c - _ s r i c  2 , Ia 175 ( i f O ’ ) s _ ) .

(9)  T im is  l o g i c - a l  n - e l m _ s - m a.’ i . : cs mm n _ c  m m c - r s _ a f a l c ’  ii j c - s_ - s _  ‘- i t _ a  la~ s _ F

p i m y _ a - , i s _ a _ a . i i  s_ -ma c - i u m . m - l s _ u : , s _’’.-s_ ’, s _ J  i n s_in c .- c .  m t - - s _ -s _ u a ’  I us _ , - s _ -m a- ’—
p 1c c - ton .  Is __ a s_-ne_- r  s_ _a J U t s _ _ar  

~~
_a’ ’ 1 - 1 . - , 1-v A . ’n .  - - ‘ ‘ c d l , P . : _ a s _ -i l ’ s _ m c ’ I _ s ’

l i - i t . ,  J o _ i t ’ . Q n . m m . : m _ a, . L i f e - _ s i_ r a m_ a , (~~. 1, lI- C ( l I e S )

(10) Se-a. . U .  ( , t i s c - m m _ s  s _ c - c s _i s_ n t s _ c l .  ic ’s i ’ l c ’f .  2 .

(ii) l i m i t ,  r s _ s _ _ a u l  t as.i ~ ; cc- s_ c n a l y t  i c s _ n l l v  b y 1 . P .  Vu,m et n ,  I~.Y . F .
CPu in P a _ I .  5.

- 5, n _ _ C 1’ *

- __. . .,a_.,.c-_..~~~. .— -----‘—~~ —~~~- — ---~.s_ -~ -



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -~~

3. The s e l e c t i o n  of an a c t i v e  t t m s _ ’ s _ l i s _ m m ; i

On the  b ut _ a  i s  of the t i u s _ - t y t  I. I emi l  a m m a l y _ a . i s ol gc’cti on 2 , ; t I c  appro1iri ate

atoi uii c system shoul d bc u m ~ 1e to -:. u~m p o m ’t u s pop s_s 1 s _ mt j (i ts  i f l vs _ ’ J n , I ott  b s_ - t ’.~- s _ ’ t ’ : i  l a s _ u

levels  of the  ss_ s_ nsc~ ~~~~ 1>- . These tw o  l s _ - v _ s i~n- s _ - h a u l  d be cosinc-c tccl by a

sufficient ly large non—linear suiscepi i l - I l l ty , hut at t h s _ ’ sz i m , , - ’s_ t . i n e -  th e  dc-p it _ s t i o n

of the upper st m n t  e by nal nra ) rc-l ;st I o,c to I s _ I . e  m’ l y i s i p  s t u n t _ a - m a  l:liould l_ a s_ - . s _  pt

r e a s o nab ly  low . These- re-quii-omc ’nts u: ~’ p e m t r  cli f f 1  es _ mJ~ t o  s m _ a l  Sf )’ ~‘ ir ;u1t  ; ~~~ CUP ly

b-ocs_ .uuc, while on the OflO ha t _ a d the t b _ a  rs _ l oid~ r s n _ a n _ c - - p t  i l ~l ) i t ~v can be e n h an c e d

signifi cantly h-_s the prc’s-cnce of nc -tr r eSonan t  i : m t s _ - r s _ e d i a t e  i s _ v t  1, t he i - m t d i  at ice

decay rate fron the  upper s ta te  is also i n c - r c u s _ : s s _  s_ 1 c o i s s i d e r m a l t l y by the pr ese n ce

of lower ly in g a l l o w e d  t r a n s i t i o n s .

One must a l so  I lce m p in ic-i i_ a d t ha t  both the  p:I :~ * uc ’cd t i_a c inc.i dent puls.c’ s~n o ’.s _ l d

be t s _ -nab l s _” and t hat  the pom _ se r  I cv c_ s 1 i_ sf t h e ’ I u i s _  _ a s _I s_ ’ ; t  pu l se  s _ l a _ a - m l  b~_s fun i 
~
‘
~~~~

- ‘ 1

to otc -’rcommae the thre-sho id require -flue_acts for t~.o y m mo t _ a’-c- um _ as -.p l if i  cat ion . I ’h. ’_ia s tl’m o

choice  of an ac t i ve  sys tem should i’e ~m_ a s_ m d c - ‘,-:h i it ’ ~1c c -n in g  i _ a t  i _ a i d  the  avis i I u s _ 1 _ a i l i tv

of tunable  sources for th c  pump ing us_ nd the amp lificat ion st _ a _ a ges of the rrocesss .

A reasonable  comp romi se uip p eu _ ai - s  t o  T n s _ -  t ’f f c -’ _ a’-c- s_l i _ as _ - at s_’- m s _ i  c Cal  t i U i~n ‘s_ ’, l m s _ - m C

lowest ly ing singlet ener~;y levels are shown in I m i g. 1 of R c f . 9  (See enclosed

reprint) . i~e have directed our effort s to producing  a 1_ ao I _ a u l _ am t ion i n v e r s i o n

between the 
~ 

L)~ level  at 2 l~u 1~O cm~~ and the ~S groun d state. After comp leti or~

of the  pumping  I_ aroc~ ss an infrared pu lse  of tun u m i n ’ie lase r radi atiors w o u l d

.c tj j ,-u l at 0  t wo-photon decay of the a tom s and asp li f i c a t i o n  at thc s umi _ ac ’ frequency

as the i n c i d e n t  f i e l d .

i nvers i on !-i e t t _ aee f l  t he  1 1) l evel  and the  gI- al1 ,:nd st a te  can h~ acii i cvc- iJ in

l’m r ac t i  cc c - i u l y  w i t h  t he  h el p of a h i g h s_ - r  ly i n g  i c - v - i  (Coherent  t w o - p hoton

ab so _ a’p t  i on l , c t m- ; i ’cn t h e  1 S a nd th e -  m l ’s l e v s _ - l s  C O I I I J  co f l C e-~ v a l ’lv  he used  us w e l l ,
0

htt t  thc ’ p r a c t i c a l  r c ’ u u l i z ; i t i o i u  of t h i s  SC 1I t ’ I f l e -  loo t s _ s v er y  d i f f i c u l t  at t i _ a i m_ a i

_ _ _



~~~~~~~ ‘ ‘ ~~~~~~~~~

Ws_~ have t h e  I dod to puiri 1i the  iippc-’t l o v e - i  b y c a y  of t h e  P , h-ye 1 at  36732 eta
r u

This  leve l  i s  coupl e-cl to the  groui~d s t a t e  b y a di po le  a l l o w e d  t r a n s i t i  on wh ichs

requ i res  the  absorp t i  ott of u l trav i (flet radi  a t i  on of 272 1 . OE A~ . The- branclsinp

rat i  OS favor  the decay of the  cxci ted  state to the 
~

1) 2 leve l so t h a t , at

le ast t h e o t - e t i c a l  l y ,  _a m n u o d er a t e ly  i i m t e n s c -  [IV p u lse of resonan t r adi  ion sh oul rl

be able-  to produce suffi’ : i s _ n t  p o p u i ; m ti  on ifl\’c’ r _ a s _ l O f l  bs_- t~- . ’ s _ _ s e t m  t h e t u- .o I e -ve is  of

in t e re s t

Two—p hat ois aimtp li fi cat ion sim oul d then bc_ s p cms sibl c’ Imy s_ -ndi ng ps _ ui so of

in fr ared radi a t ion  o f 9153 A° (t 1o~- fr c-quen -v cor r e - spo t i d in g  to 9153 A0 is one

half  of the  f requency .separat ion  between the  leve l ar id the  groun d state).

Both t 1’c~ u l t r a v i o l e t  and i n f r a r e d  sours _-C S sho u l d  bc t unab le .  ~
‘n. p rac t i ca l

way to pr oduce als u ll r ; s_ v i  olet p s_ t lse of pump I o_ a’.c r is to convert ti_ac out j _ a s _ t t  of

a Couma’s-bi s_lye laser by secon d ]c-m ’s us_u i c gc’n s_n ’lat i s_tn wi  t l i  an ang le I i t m n ; - J  1 :J ap

crystal. The i n f r a re d  p u i s s_ -  can be - p r od s_ i ce d  u - . i  t h  an I R — l 2 ~ dye l a r - s_ r c ’xc i tm d

by a Q—S wi t c .h c  s_I Rub y laser pu lse.

The practic al reali :‘ation of this sclu’;-c has proven to be a con siderabl e

challen ge _ a_ a1 _ aic h has de layed  our p _ a  c -pr ess me r e -  ti c-an a n t i c i p a t  ed. At this t j_ a , .s_’ ,

however we feel that  the r ema in i n g  d i f f i c u l t i e s  can be overco ’ne . A survey

of our progress alon g these l ines  and an apprai sa l  of our present ch ances for

implement ing th is  ~che - s_- e w i l l  be d i s c ussed f ur t h e r  on in this  report .

I
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4. Prepara t ion  of the  a c t i v e  ine d iwm _ a

In orde r to es t ima t e ti _ ac  pu _ al p r equ i  n-_ as_ ten ts we ’ cons ide r  t h e  s i n sp l i  f ic ’d

enc r~’y level di zig ‘s’s _ s _ an shOwn il _ a  Fl g. 4. 1

The c or r Cs I ) o tud _ ac -nC c  l ) c t Wm _ s u _ a i  t h e  1_ a _ s ee ]  s i_ a u _ a _ a i n  t h e  f i gure a r i d  t h e  Ca l  ci cm

levels of i n t e r e s t  is l i s t e d  in  Table ( 4 — 1 ) .  1V- i gu t o re eel I i  Si ni _ a i nduced

rela x a t i o n  proc e_ a- m - es  out of t h e  s i t _ a g  l e t  m u m _ a _ a  f o i l  u t  c- t l t c  ]ouc c- s - l y i n g  tri p ] c t

s ta tes  be caus e th c_ s s _ _ ae arc _ a expc -cted to lu ia_ a i t a m p u _ a ’ t ; s t s t  i i i  t h e  pr e S Sur e  ‘s ange- of

the e x p e r i m e n t s . Let t he t o t a l  n _ a t ’ be _ a~ of a t u - - i n  t m s _ -  t h r e e  l s _ y e - I s  bc_ a ~ . t- :i th

N fli  ~ ‘~

The population rate equation arc

( A. , ÷ ~ t m . ,) ~i. ~~
‘ 

~‘a~ f lj

li i ‘
, 

- -, - -
~~~~~~~~~~~~~~~ _ ( r t 13~~~ ,~-~~~ ._ a 

~~~~
‘ -~~)~~i -

~

~~,Z3 ~~2d
~‘hei- e- t i _ a c  coeff ici  c c - t m t S  A. . and B . . are ll~s_ - u sua l  F in s t e in  ‘s A and B coef~i ci c-nts1) 1)

w i t h _ a  A. . measured in sec 1 a ’s_ a d B . . in  -
~~~~~~~~~~ — -- -  . The parameter  p i s the  l a m _ a s _ _ a t1J 1) -~~ 2 i’se ib  S I C

energy dens i ty  per un i t  b a n d w i d t h  ~~~~~~~~~~~~~~~~~~~~~~ For the  chosen leve l s  of C a l c i u m _ a _ a ,
cm

the parameters arc listed in Table (4 -2 ) .

~‘c~ arc’ concerned w i t h  the  evo lu t i on of t he  p o p u l a t i o n  of level 3. This

can be obta ined  front the rate equat ion s a f t e r  son_ ac e l e m e n t a r y  ca l c u l a t i o n s .

The r_a :’sutt is

( -

l~ (t) /V /  S_ (!- ) - ~~~~~~ (I
- - t )L i ”  C~~~I



F,- i’-- — ‘
~~~ T~~~~~~~~

’ - ~~~T:T, TTT~

where
‘/2,.

b — 

~

- ‘ : —- ‘~~
- ‘
~:‘) J

~~~~~~±.i ~~~t ~i ~~~~ 
4 /: ~,)

and

A23 -
~ f ig ,  ~~~~~ , ~~~~,

(‘ia -t)~ 1j 9 3

If we assuiac an u l t r av i o l e t  pump 1_ a uls e  of a hos __ a t  IOU Kb’ , d u r a t i o n  (cU~I sec., and

cross section 1 C_aT_a2 , the energy d e n s i t y  of the  pump is of t he O T s _ i s _ _ a ’ of 30 e rg/ c m 3 .

If  in a d d i t i o n  the b a n d w i d t h  of the  pump i s  1 A°, the  c o r _ a - c sp o n d  i i -  m _ a c r p y

density per unit handu’:idtl_a becoacm:-

— H

~~ ~~~~

wit h these est imates , the appropriate t r a n s i t i o n  rates a_ aid the t i m _ a c -  th ’penacnt

pcpulation of the third level t m _ a L e  on the  v a l u e s  l i s t e d  in Table (4 -3) .

Although relaxation proces s_-c’s out of the  level 3 w i l l  p a r t i a l l y  deple te

the inve-rs  ion , t he es’s m a t e  ob ta ined  w i t h o u t  consideration of such decay

inechanisn is is expected to be r e as o n a ble  un d er  the cond i t ion s  of our exper iments .

,_~ - - ~~~~ - -_.__ _ 
~~- ----—- -~~~ —----- -~----.—-—-—---‘-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~
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~~~ - ~~~~~~~~~~~~~~~~~~~~
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T A B L E  4 - i

Energy Lcv el  Spectroscop i~ s_ C la s s i f i c a t i o n  Energy

(cm )

1 4~~2 13 0 

—

2 3d4 p 1P 1 36732

3 4s3d fl 2 185C

A 21 = 2 72 1 .6~ A°

A 23 = 6717 .69 A°

X 31 =



T A B L E  4 — 2

A2 1 = 2 .7  x i0~ sec~~

A23 = 1.2 x ~~~ sec~~

B21 = 6.01 A 3 A21 
en_ a 3 , (A measu r ed  in ~O)

erg sec’~

B 6.01 A 3 
-

~~~~ A12 21

g~ = 3, = 1

B2 1 = 3.27 x 10 16 c _ a s _ i
3

erg u ’cc ’

B = 9.81 x io 16 cw~12 2erg sec

/

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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‘I’ A B L E  4 — 3

k A + cm B = 2 . 7  x l O 6sec~~I ~.i p 2~~

= A23 
+ k 1 = l .~ x 107sec~~

k
3 

= P
1~ 1) 12 = 7 .4  x l0~’ —l

= A 23 = 1.2 x lO 7sec ~

t (nSec)

50 -- 0 .63

100 - 0 .29

200 0 .22

300 0 . 5 4

400 0.73

I

J

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _
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5~ ?-lo n i t o r _ a _ a i g  the  C a l c i u m  C e l l

A w e l l  1,iiowii p r ob lem in a t o n ~ c s’ cct  rOa ; c ( s_~-)’ i S  1 ’ O S C _ a i  H’ th e- i m c ( ’ _ a _ a _ a s _ s i i y

for r a c a su r inp  the d e n t ; i t y  of at ’ s i _ a _ a  a o r _ a s  p L a i c e .  I , i  p I m t  absorpt c a  tech-

ni ques have been deve ioped over t h e  years  w h e _ a t e  c _ a r  vapo r  p reSsUr e-  c u _ a - v e - _ a s _  have

been found not s u f f i c ie nt l y ne - c u _ a ’ s _ m t  c’ for t h i s  p u i p o s e - . I n  our caae , f’or e x t _ a _ a s _p lc ,

the  vapor prc~~sure da t a  fo r  Ca ic  c - s _ m  _ a-~~ i d _ a  a r - r e-~orted hv C[tC h i a _ a u d h oo k  of

Chemis t ry  and Pi _ ay s i  Cs ‘ -o a- - er t i _ a c  I ( - s _ t p a  t w c _ a  r u _ a _ a _ a p e  ~)26 °C — 22 90° C .  Ow- m_ a c - m s _ _ au r e —

ments arc carr ied os_ it a round 800 °C , ( he lo _ a - m t he Ca m e l t i n g  p o i n t ) ;  con sequent  l y ,

the av a i l ab l e  data are uf no use fe ’s- ou r needs .

If one knows the oscillator strength of a p a r t i c u l a r  a l l owed  t r a n s i t i o n ,

a measurement  of the  at _ a - us _ n c density can be ca ’s- i - ied out , in  pr inci p le , by

r ecording the  a t t e m _ a t i a t  j o _ a-_a of a l i g h t  P L a n  ifl i l _ ac’  nci ghbori~ood of the _a_ aPsor p t ion

l ine.  One of the  absorption I i tt ~~r of C s _ m i u , ,_a z_ atC , _ a s  ( 
1S , -°  at ‘12~?6 . 73° A)

is especia ll y sui t ed f o r  t h is purpose h ’ cau se  of i ts large  osci  I latol ’  s t r e ngt h .

h owever , whi le  it is correc t to argue t h a t  t h e  s_j tt enuat ’s on cod ficicnt cr _ a n

y ie ld  the a tomic  d e n s i t y  d i rec t l y ,  t i _ ac  pract  l ea ]  ext  rac t ioj i  of t h i s  i n f o r m a t i o n

f ront the data is  not t r i v i a l  for the reason s ex p l a i n e d  be low.

Consider a column of ga _ a s of l eng th  ~ an d l e t  I~~ ’~
’ (v) he the  inc iden t

f lux  per u n i t  frequency ra t _ a ge . in  t h e  l i m i t  where Beer ’ s l a w h old s t h e

t ransmi t ted  f l u x  per un i t  frequency r_ a _ a_ aipc i_ s

1t rue  (u) 1t ru e  
~~ 

—k (v) Z
out in

wi_ a cre k ( ‘4 , the  t rue  ahsorp t  ion coet f ic  i ent per lini t I c-ng th , is pr ono_ a-t  ional

to t i_ ac a t o - i -  d e n s i t y  ( s t r _ a c ’ t l y  spt ’. _ a Is _ i _ a _ a s_ .~ k ( _ a ’) i s p r ap art  i c -na  I to the grow _ ad

s t a t e a t o _ a -i _ a c  popu i s _ m t  i - , _ a _ a 1 ; h _ a c - s _~evcr , ii _ a _ acms _, t i n s t  , _ a _ a _ a e e s  , t h e  ~x ci te -d

!._ _ ~~~~~~ 
.
~~~~~~ ~~ -- - .  

~~~~~~~~~~~~~~~~ ‘- ‘ -— .--- - ‘-~
- 

- 
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p o p u l a t i o n  i s  e n t i r e l y  i _ a - -p 1 i ; i i ’ l ~~ ) . if  the  d i s p e r s i i _ a g  i n 5 _ a t r u i~~- _ a _ a t  u sed to

resolve  the absurp t  ion p r o f i l e  i _ a m _ ad  i n f i  _ a _ a i t e  ‘s -e sc -i Ut c o _ au , t h c- _ a nc - asu ’ s - e _ ac ’ _ a m t  of

k ( - e ) would be comp l e t e l y t i - i v i s _ _ a l .

In r e a l i ty ,  of cour se , a spe ctro _ar_aeter is  a I in ca _ a -  o p t i c s _ u i i n s t  r u _ a m s e T u t  w i t h

a t r an s fer  f L _ a _ a _ a c t  lo t _ a of f i _ a _ a i t e  w i d t h .  Let G(v)  I _ a -  t h e  spect m o i c - t e r  response

to an i n f i n i t e l y nar r ow at u _ a r _ a l e  l i n e  of uni. t st r enp~ h . 11 _ ac -  I i n c - a I 1 - i t y  of t h e

i ns _ _ a t r l_ a: u _ a en t i nsures  tha t  t i m e  response to  a coil  ect i on of m ar _ a - wa  l i _ a _ a c - s  of ’

St _ a ’er _ a~ ths A1 , A ), . . . A w i l l  be such th a t  t i _ a c  u~m : ; c-rvc ’d spec ’_a rum t ak e s  tpc-

form

/~~~~ 
(~ (v-~~~~

If the spect ru ms __ a to be ana l yzed  has a ca n t inuous p _ a 0 t i i  e I~ ~~~ (v) , the  O i) S c rV e d

spectrum has t h e  for_ an

- i
~

s_ L - , c —

I (V) ci ~~ j  (V ’) ~? >~

In par t icular , if t he  l ig ht  en te r ing  I l _ a c  spectrometer is emne r~ ing from a

column of ab sorb ing  gas , t he  observed and  t he  i n c i d e n t  sped i c _ a _ a _ a u  w i l l  he r e l a t e d

by t im e  c o n v o l u t io n  i n t eg ra l

- I-. - - , )  Ilr ut  — ~--

I 
~~~ 

I C~

I t  i s  clear ib m _ at even F the emp i r i c a l  r e l a t i o n

—- ~~~~~~~~~~~~~~

- - ,  ~ 
I ( l~~) 
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s h o ul d  boll bm: t wec- _ a _ a  t I _ a c -  o~ ser ved aI~ -~ t i- al s_i st j - i~~- m _ a t  1 ( 1 : _ a , no s i _ a m p l e  r e J : _ a~ t o _ a t

5 C X _a)eC t c c i  t o  CX is t h :  t _ a s L ( _ a 1  k
Oh

~ ( ‘ )  a _ a i d  t f _ ac  t r u m  - n h _ a s _ _ a _ a _ a - p t  i _ a r _ a  c oc - f fi  ci  e~~t i_ a (~))

It  is a l so  c l  em _ ar  t h a t  t i _ a _ a_ ~d m ~~c -_ a’ve d I ]  ! m C  5111  bc- t i’ I i t t ]  _a - r c -, _a~m i s _ s _ _ a m _ a’V U t he_ a

I ru e  a b s o _ a -~mt i on  I i  n c  i _ a _ a  p - _ a m _ a - r u _ al

In pr im _ a c_ aple , ( ‘ f l _ a _ a  s_ /L~( _ a l d  t i _ a l _ a _ a l _ a  t h a t  I l u _ a - e ’ l i ~ _a l u a t  ic - r i  of t h e  i _ a _ as tr _ ai:- _a - _ a _ ais _ uI

b r _ a i s _ _ a d e n  i _ a _ a p  cou I c _ a  be cs _ u r _ a - c - P c - _ a _ a t  be d eom _ a ’ ; o l  Ut  1 c m _ a m  t c- _ a-I _ a _ a _ a i q U _ a  ~; . I n  f a c t  , p _ a v e  n

cib

- ( v i  - \ L’Y  L L (p ’) (
~ ~~~ -

J

th e  Four ier  t r a n s f o rm of t h e  convo l s __ at j o t _ a  i f i t  e p _ a : .  I I _ a  to

A_-I 
~~ 

Ad

- 
( f )  - 

- 
~ 

( t:) (i ( t)

and

Ad -f ~~~~ CL)_a.

~~~ ~~~~~~~~~

H cn c c  t i_ ac i nverse  Four ier  t i-s _ a ’_ as fo r_ a i_ a

( ‘ )  = [ ~~~~~~~~ H)]

g iv e s the s p e ct r a l  p r o f i l e .  This  p r o c e d u r e  work s  i - s_ el i  for  no i se  f ree  mi :m t s__ a

H owever , a lmost  any amount  u _ a - noise  is-i I ]  _ a _ amakc ’  t i _ a c  n u m e r i c s _ _ a l i n ver s i o n  Pc -pci ess

even if one could m_a_aeas urc ’ th e  i f i s t  _ a _ a _ a : - ’ e _ a _ a t  f u n c t i o n  G -id t h  good accuracy.

Acc ur atc -  ( I  0— .?O ’,) i n f o rm s_ _ a t i c - _ a _ a  a _ a _ a t h e  a t o m _ a s _ i c  ~I s _ ’ n~ it v can s t i l l  be dc ived

ex p e r i m en t  a l l y eVe -ri w i  t i _ a  an i n p c r f c c t -  -sp ect r c ’_ a _ ae (  c t i _ a i s , however , i’e - p _ a  i rc’s

i _ a _ a m  - ;~‘I e _ alp _ a _ a of t i _ a c  s _ _ a t _ a - _ a _ a s _ i c  1 i _ a c- s in _ a pe  - 0 _ a _ a t i _ ac  c o n t r a _ a  m v , no d e t u t  i i  ccl ‘-c-ow l c’d pc’ of

- - -~.‘ -.-~~- - -~~~- - — —~ 

~~~~~~~-—-—.~~~~ ~~~~~~~~~~~~~~~~~~~
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the i list _ a ’ U _ a ’ s _ s _ ’ _ a _ a t  f s _ _ a _ a i c t  ion i mm n c _ a c _ a l  I -

‘Ihei-c: a_ a i_ c’ f i v e  bas i cc - i  l y d i  ci i.nct li _ a te - I _ ar os _ _ ad c _ a _ a _ a i _ a _ ag mocha _ a _ a  i s _ _ a m _ a _ a _ a ::

I . N a t u r a l  b r o a d e n i n g .  ‘I l_ ac - n m _ a l. s_ ira I I i  n echapc  has a

Lor entz i a _ a _ a  p r o f i l e  w i t h  a ha l  f— m- : i clth g iv e r _ a b y

4 ? -
’

, —- -~~~~~~~~

where t is the  n a t u r m _ a i decay t i n _ a c  of the - t r a _ a n c - i t i o n  and ‘~2i is the E i _ a _ a s t e i n

A - c o e f f i c i e n t .

2. Do,pp ler b r o a d c n i r m g .  TI_ ac I)e-ppl er l in e  has  a G a u s s i a n  sl _ a a pc

with a h a l f - - w i d t h  g i v e _ a _ a  by

4~ /~/

wi _ acre is the t r a n s i t i o _ a _ a  wave l eng th  and M is t ’_ a c mass of t he  at e : :_ a .

3 . l iol  t s_ an ark b r o a d c - n i r i p  . ib i s  I inc broadening nec-ha: s_ am is

due to co l l i s ions  be tween atoms of the sari_ a c kind. IT _ a i s_ many i n s t an c e s , this

effect  is ne g I i~~ih1c below 1o 2 
Thrr.

4. L or c_ a m tz_ broad ening .  This l i n e  b r o a d e n i n g  m echan ism _ a  is

due to co lli sions bet i- :een the a ton s  of in t em -e s t  and the  b u f f e r  ga s .  l ids

ef fect is s r _ as _ _ a l I , be lo w S Torr of forei gn ga s  -

5. St ar T_ a h r o s _ _ a d e n i n . s _ .  This  is clue to e l e c t r o s t a t i c  and Van der

l~aals  i n t e r _ a _ a c t  i ons .  This is neg l i g i b l e  ~chcn 3 s_ _ and 4 a m - c’ neg i igib )  e in oc_ ar

ex ;)er i i _ a _ a c ’ s _ _ a  ~ a 1 Si twi t ion.

It is easy to c a l c u l a t e  t h e  I i  _ a _ a e s h a p e  due  t o  t h e  co_ aj ib i ned n a t u r a l

p lus  1)oppl c- c b r am _ a c len  lu g .  ‘l l_ a e r e su l t  is

~~ 
- 

~~~~~~ 

~~~~~~~~~~1~~~~~~~~ L
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~ i_y~

k0 = ~~~ ~L~- ~~~~ *±__

f~; _ a Li’
V t-~

where g 2 s _ _ an d g1 are t i_ ac - d c - g e n e _ a s _ i c y  fa cto _ a - s of the ’  ex c i t e d  and ground s t a t e

levels a_ a_ad N is ti_ ac _ a u :m _ ab cr  cl e i l si ty  of a to m s  per i _ a _ a l t  v o lume . The a r a m e t e r

~ represents  the r a t i o  of the n a t u r a l  to Dopp l c, r I i _ a _ a c-_ a- :i dth s , whi I c -  ~~~~~ ~s

the frc ’qs __ aency of ti _ ac -  l in e  _ an c ’a si_ arc d from _ a , I i n c  cen te r  i n  u n i t s  of !_ aopple r

w i d t h s .  ‘l’he phys ica l  meaning of k0 t o l l ow s  fro r _ a _ a the  ev a lu a f i o n  of k(v )

at l ine  center  (c_ a _a_a = 0 ) .

in fact ,

k 
~~~~~~~ 

Y- ) k~ ( - i  En ((U ) c

a typical  v a lu e  of c_ a for an a tomic gas is - J ( m  so v h s _ _ a t

~~~
‘ 1~

I t  would be a m i s t ak e  to assume that because of the s:a-m :_ al lness of a one can

i ~~I 1OL’(’ I h e n c - t u r n  I broa d en i i m p ,  be cause ti _ ac  w i n g s  at t h e  absorpt  j o _ a l  curve  ca _ an

he s _ I c r _ a l  n a t  Ccl liy nc -I  nv _ a _ a l r a t h e r  t h a n  bc -p p _ a cv z _ a b SOr _a it lO ’l  , cs p(’ci s _ _ a l l y for ~u f f i  cii _ a _ a t ly

_ _- - —~~~~~~~~_ 
-- - - - -
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1 irge u t o a _ a x c  d e ns _ a _ a t i e s .  li e _ a _ ac e -  for  s __ ac - c s _ _ a _ a - a _ a t e  work t h e  1 u _ a c - s h a p e  I_ a (‘.) g i s_ ’ c - i _ a  by

the above l i _ a t  i - ’  ram I r ep r e sen t  at ic - fl s -i l l i-c used .

For s _ a _ a _ a z _ all v a lues ci’ a- a _ a _ a ex cel I c-i _ at s_ _ a pp r oxi s_ _ a t i c - r i  to t h e _ a I i  n _ a _ a-m ; lm a c - c  is g iven  by

(
~~~~ _a~~~~

) k, 
~~ 

(
~ ~~ ~

wher e i ( u )  is t i_a c’  Daw son i _ a _ a t  L ’ s _ ’ ~ _a ’ s _ t  I 
-

-- x
-::_

j  ~ _ajx .

Our pr evious  C c _ a m : s _ s _ ~~n t s  on t h e  _a : : _ a p u r t a r _ a c ’~- of re ta i l _ a u _ a g  s__ at l east t~_ ac lo s_ - est order

dep en dence  of k (~~ _a ) on a. are wel 1 j  us _ a  i f’ i ed . I f  1: 1- -
~~~

) w e r e  si _ a _ a-ply give _ al ~‘y

it s  vs __ a i s _ _ a c -  wa s__ aid  he prac i j C s _ m I l y m er o  s __ a ~t cc -I or 5 IJ oj ij i l  c _ a w i d t h s ,

wher e -a_ a s t h i s  is not the case i f  the  f i r s t  order  c o r re ct  i on  i s  v e t s _ u  ned . Our

nu;ac_ari cs_i l anal ysis ShOWS c le a r l y tha t  i f  or _ a c- _ a _ a -g J e_ a’t the c~— d c p e n _ a 1 c ’ n c c  in  the

absorpt ion I ines i_ ac -pe , the r c-sul t i _ a _ a g  a t o m i c  d en s i t y  cs __ a m _ a be in error by l a rge

amounts.

Ti_ac structure ot the  1_ a s__ aw s o r. i n t eg r a l ) sugge s t s  t i _ a n t  n u m er i c a l  errors are’

l ikel y to b e co mu _ ae very severe for la_ a - ge v s _ t i n e s  of e_a
~ . ( In  p r ac t i ce  we found

t hat va lues  as large as 30 s _ _ ar e  rc ou i_ a -cJ Ic-_a - a s u f l i  ci a _ a _ a t i v  a c c u r a t e  c -va I _ a _ a s _ _ a t  i on  of

t he curve of g r o w t h .)  For v _ at 1 s __ aes  of c-f the order ci- or g rea te r  than 6 ,

t he fo i l  ow ing :_ a~ y _ a : _ a p t o t  ic approximat ion wzm s foci_ ad to be very accura te

~2 _a)~ h c -’
,’ )  ~ ‘ 4 _~~~~~~~~ + 4 , ..,

.2g.) ; (~_ a~ ;)  (d ~~~~ ~

N at e , I _ a -aw c’vc : t i _ a z _ a t  i he c - h o _ a - c  i s s _ _ an a _ asv:s _ i ; t mit  i c- m m c c i  c-s and t h a t  i t  5 a c - c m  _ a a c y

i S not u _ a _ ai y s __ a f _ a t t i c  t i c -n  a f I hi - i i i _ a n i b c’ _ a ’ of t e r _ an _ am w i _ a s _ r i _ a  a, _ a’ c ’ Te S t s _ i l _ a _ a m _a b_ ai t s _ i l  s _ c _ a  o

— -- - ---—-—-- -- - -——j—— -‘ - —. - - ~~~~~~~~~~~~~ ~~~~~~~~~ -_~
__

~~~~~g ---—-’- 4
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t he n_ aagn i tu de  of - _ a ~~~~. For > 6 , t i_ ac J o s _ _ a r t e r n  e x p a l _ a : _ a i o n  w as fo s _ _ a m _ a d  to he

very accura te  (a I c- s ps _ _ a rt s per m i l l  ic - _ a _ a)

Now that thc-  s __ at o s _ a _ a ic  i i  n e s h s _ _ a p e  is kr_ ao s -n , we s __ are -  i _ a _ a  c- po s it  ion  t o  re- I s _ _ a t e

the  o b s e r v e d  absor ~ t ion cu rve t o  t h e  : _ a to : _ a _ a  _a. p cipU i  s _ I s _ i  u _ a m  d c - r i _ as _ i ty .  G i v e n

i- v) -~ I- , -
— r~

( _ a-~ 
)

(v) = 
J d ~~ I .

~ _a 
( v )  

~~
-

we ln t eg i - s _ _ a t e  t he l e f t  and r igh t  i _ a _ a _ and  side-s i - i t  ii r c ’sI e(’ t of \‘ over a suffici e’in l y

large r z _ a _ a _ a ge to i n c l u d e  a l l  the 1-equl red spec t ra l  f e - s __ a t  s _ _ a F c’ _ a _ a . The S~m a p c- of t T m e

observed spectrum shows c l e a r l y -  tha t  the i n t e g r a l  cannot  he e x t e n d e d  over

th e ent ia--c- - f requency ax is , o t h e r m .’ise the res u l t  of the — i n t e g r a t i o n  s’ill d i v r _ a ’ g e .

It w i l l  be on l y  necessary  to extend the r _ a _ a _ a u g~. of i n t ’ c - g _ a - a t  ion u n t i l  t h e  in ~ a-

J e l ’ - ’ ~~ (V ~ ~~
‘)

becomes ind ep ende n t of u . St r i c t J y  sp e ak i  n 1~. t h i s  ia_ ap i s_ es , in tu rn , t b_ ac t

the v in tegra t ion  must a l so  be ’ carried s_ ut over a finite range. In p m - a c - t i c - c,

there is  no problem w_ a th these  r e s t r ic t i ons  owing to t he  very na r row  r c : i o f l

of t i_ a c f requency a x i s  where tb - _ a c rd c-vs_ mt spectra l j _ a i f c ’ s _ ’ : ’ _ a s _ _ a t  j o _ a _ a  is  c o n t a i n e d .

I~i th this  in m i n d  we o b t a i n

— l r u c  — 1~ _a ’~’ C

d ~~~V T . ( Y I ~~~c i t  (_ 1I

wi_ ac -re ce i s  a c o n s t a n t  d e f i n ~i by

J J~~~
’

I . ,  in adc t i t  io n _ a , t h e  i n c i d e n t  f l u x  h _ a _ a s  s__ a w h i t e  spectrum in the reg ion of in t er e st 1

we h s_ ivc ’
I,

-— Tt _a4 l., - — F,, 
~~

- ‘ 
~-t

j  

~~~ ‘~ i ~ v j  c< 7 d
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‘I’he observed s _ a g _ a _ a c - i  has _a, i _ ac  t y p ic al m ; hr _ a 1_ a c~ shown i _ a _ a  H g  ( 5 — 1 )  . l ie _ a _ ace , i f fol  l O W S

that

c I
J I 

~~~ 
(Vi c4 j  j  J V J ~~~~(Vj J ~

4v ’
where is ti_ a c absorpt i oi_ a s _ ag _ a _ a s __ al ol interest . i ts arc-a

5
is shadeu in the figure .

if we now d e f i n e  as the  ectu iva lent  w i d t h , the parame ter w ,~ such that

dv ’ -
~ 

W~ I~ _a 
/

we fina ll y arrive at

w~ J~ ~ )
In practice ~~~~ ca _ a _ a be arr iv es_ I  s __ at by graphical integrr_a t ion of the- signal

or by o ther  more empir ica l  tecim i ques. ( l~eca u sc o f t h e ~rh i t rary  un i t s  i-se

found it conv e_a_ai c_an t to cut t h e  observed absorption l i _ a _ ac - s  and to we i g h the _ arm

on a precision balance. TI_a c rat io of ti _ ac  measured we igh t  to the weight  of

a Lin _ a i t  area gives a reasonable fir s t  s _ i p p i - o x i s _ _ a a m t i o i i  to the  requ ired  a r ea ) .  if

‘j (v) has a high ly symmetric sha _ ap e , a r e a s o _ a _ a a _ a ) l e  a p p r o x i m a t i o n  for  w i l l  be--

give_ al  by the r e l a t i o n

4 -~ , / ~
where is the f_ a_ a l I w i d t h  at  h z _ a l t  h e i g i _ a t  of ‘l (v) . (Sec J i g  (5-2)). In general ,

O spc’c t ramet c-c wi J 1 pr ad _ ai cc _ a  at _ a  s_ _ a b s o r p t  iou spe ct r u _ a m s _ I 
~ .9 function a C wa_ a -c I s _ - _ a _ ag t 1 _ a.

Th a eqe’ _a Va I c-mt w 1 it  1 _ a I r i~- s _ _ a v c  I c _ a _ a g t  I-_a s: ac0 i s re- i s__ a t cii t o  t h e  a1m- -~orpt  i a _ a _ a

______________________________



coeff ic ien t k( w ~ ) by

(1- 

k (~J~~ )

where is the s__as i_ aal _a,i i :_ac r_ a s i on _ al ess frequency neasured l r o _ a , m line center i _ a _ a

uni ts of t h e  Ix _ a ; J m i c - r w i d t h .

A typical expc ’ri s _ amc _ a _ a t ca _ a _ a _ a be carried out w i t h  a t s _ i n g s t e n — I _ a a l c g e n  l a _ a _ a s _ p

(5001_a ) whose ou tpu t  is coi l i s _ _ a s _ i t  c-U t h r o ug h  t h e -  Ca cc l  1 . ~e fou_ a _ a d it  mm _ aor e

Conven i en t  to bring the samp l e - at a hi ghi t ca _ a m pera t t _ a r e  f i r s t  an d to co l l ec t

the te; _ ap e ra tur e_ a  depend e_ a-t t  da ta  by c o o l i ng  o f f  t he  oven in s u i t a b l e  steps

(~~T~~ -2 5 °C) . This method has  ti -_ a c a d v a _ a _ a t a _ a g e  t ha t  the  ef f e c t s  of the  oxide

layer , which , al _ a s _ _ ao s t  u n a v o i d a b l y ,  coats ti -_ ac 5 s__ a _ a - c ) 1 e c- -y en_ a a ft e r  cs __ arc -  f _ a n han _ a ci l j u g ,

are i_ a _ aini _ a n i :cd . ~lea t i ng up the  sc -_ a _ a pi e from room_a t c : nC  r a t u r e  _a~-as Oti s e _ a r ved to

l ead to irregular increases in the vapor p_ a’e s s_ aIr e  a m _ a d  to sudden chan g es  of

absorp t ion  w h i c h  we attribute to the rer_aova i cmf the oxide l aye r  at a s u _ a f f i c i e n t l y

high t enperature.

By varying  the temp c-rat s__ arc, different values of the equival ent width

arc m easured fro_ a _a the absorp tion spectra . The dat a r educ t ion  proceed s as

fo l lows . For a f_ a x e d  va lue  of T , a se t of th c o_ a -e tical v a l u e s  of tZ . are

construe- ted from _ a _ a the ti _ ac - os _ - c t ic c - I expression s_ is a f u _ a _ a c t  ion of Zn _ a  (N 
~~
) wi_ acre

9. is the unknown lcr_ agth of t i le  gas col t _ a _ a s _ mn . Ti _ ac - r ia qU i  red va lue  of t n _ a (Nt )  i s

found as shown below in _ a P ig .  5-3. The sot of ex p er _ a s __ a _ a c _ a _ a ta l v a l u e s  of b’~ p lotted

as a fu j i _ a c t i o n  of the  n t e rp o l at  c-el v s _ t i n e s  of e n_ a (N~,) w i l l  pr ov i d e  the  r e q u i r e d

curve - of growth.  ( Ses_~f i g ( 5 _ I ) )  .

l i _ a  pr~ n ci p le t i _ ac  i _ a _ ac -th e _ a_al Out I inied s__ ab ov a i s  cap ab le ’  of re movj n g  t i_ ac e f f e c t s

01 the- finite Inst rum _ ai r_ at t r s __ a _ a _ a sf e r f u n c t i o n .  !lo _ a~c’vc- - , i t  i s s _ _ a l w a y s  good p r a c t i c e

I~ItIi__ ~~~~~ — ~ - - -- --— --- —- -- - - --- -------.-- 
____ _ ______ _ __ .___ ,._ ___ _ _ _._ ___ 1_____ ,

~
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to op erate the spcct,~ _ a u e t e r  in  such a way as to introduce the Ic_ ac -st a n _ a ou _ a _ at of

ins tru _ as _ ici _ ata l bro s_ id e_ a_ a_a n2 . After select  i n _ a g ,  th e oroper gra t i  rig an ’l b l a z e  ang le ,

One should operate it _ a t he  d i f f r a c t i o n  order  t h a t  nrueluc es  t h e  l a rge s t  th i - oug i_ apu t

for f i x e d  e n t r s _ _ a n _ a c e  arid e x i t  s l i t  w i d t a s .  In our case , w i t h  a 600 9/ ru_ars __a g r a t i n g

and b laze  an -~le for l i _ a _ an , we found that  the  o p t imu m _ a _ a  opera t ing  di f fra ct i o n

order for h i g !_ a - : _ a t through put was t h e  second . We de c ided  to c_ a _ arr y  out abs a_ a-p t  ion

_anea sur e_ a_ a I e n t s  i n _ a  t h i r d  orde _ a- i_ a c -cause t Ile loss of ou tpu t  s ignal  was not severe

eno ugi_ a to offset t h e  inc reas e_ a d r e s o l u t _ a o _ a _ a  fm _ a _ a _ a second to t h i r d  d i f f r a c t i o n  order .

‘i he choice of the  s l i t  widths  is t i m e next  s tep . We four _ ad t ha t  w i t h  innut

and output s l i t s  set at 5u~tm , the out put si gnal  was still adequate enough to

al low ar_ a e s sen t ia l ly noise free scan of the ahscrp t ion  l i n e .  The choice of

narrow s l i t s  enables us to re duce’ the  a_ a _ a _ aount of b c - cl_ aground s i gna l  and to enhance

s u b s t an t i a l l y the ra t i o  of p c-ak absorpt ion  to maxi m - a_ am output  I n t e n s i t y ,  ev en

at low ten_ aper atures.

it is observed , in a d d i t i o n , tha t  for decreasi _ a _ ag tempera tures , the ab sorp tion_ a

prof i l e  looks mo_ a- c a_ a _ ad more t r i ang u l ar  in shape. This i s  due to the red u ces_ i

width of the absorption li _ a _ ac and to the e f fec t  of t i _ ac  c o n v o l u t i o _ a _ a  of the tern e- r --

attire independent i n s t rumen ta l  p r o f i l e  _ a- .- i t i _ a  t i_ ac i_ a z _ arrow a tomic  l i n e .  (See I_ a ig~ 5—S .

S—6 , s -7) .

It is especial l y in t h i s  te_ anp cratu rc ’  ran _ a ge t i _ as _ i t  the equivalent  wid th  method

- b c co_ a_ a~es useful  because direct  i i _ afo rm at i - o _ a_ a  about th e  ah so _ a - pt iO n _ a process is

bur ied  cor_ ap i e t e ly  under ti _ a c ins t ru nnm cnt a  I t r ans fe r  l u _ a _ a c t i o n .

4
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FIG 1 5-1

ABSORPT1~~N SPECTRUM OF A SIMPLE ATa~f lC LINE,

THE RECTANGLE OF WID Th W~ HAS ThE SN--~E AREA

AS THE SHADED PORTiCt’~ OF ThE ABSORPTION LINE .
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- - FIG, 5-2

A ROUGH APP ROX IV_ aAT ION FO~ T~- ;~. EQUIVALE~ i WIDTH

~AN LE OBTAINED AS S~ OY,’N IF THE ABSORPTION —

LINE IS SYmETRIC.
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FIG. 5-L!

ThE D(PERIMENTAL CURVE OF GROWTH CAN LE TRACED ElY INTER-
POLATING ThE EXP ER It~~ TAL VAL(~ S OF ThE EQU IV ’iLE !IT
WIDTh W~~

’ AND THE CORRESPONDING VALUES OF LN (N z) , A~
- - 

UNKNO~ 4 tXEN S ITY CAN BE DETERM I i~ED BY VEJ\S1~RlNG
AND FINDING ThE APPROPRIATE ABSCISSA FROM ThE ABOVE
CURVE OF GROWTH . 
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6.  Opera t ion  of tile COO S-1O-\ !~ye Laser - s__ a nt i Sc - co _ a_ ad hr. i - _ a  - a l _ a  - r , e r_ a~~-r - a t  iou

Cou _ a _ a _ a r _ a r in  5 ’ l ( A , wh en di  S_ a _ a o l ved i _ a _ a  e t h a n o l  , has s__ a ] r i s i n g  b _ ae d_ a~- i d t h  f i - om . -.

517 to  576 n nn . flov. ever , t h e  dye is  ext  r en .e ly  505 c c -I - i  P s_ I c  to  co _ a _ a t r - a i n s _ _ a t i o n

an _ a d g reat care I s__ a us t  be take _ at  d u r i n g  pr c- 1 ;~_ a a t  ion a _ a _ a d f i l l i n g  to in sure  i ts

i n 1. e-gr t y .

i~e prepare COO 54C’ -\ i _ a _ a  1 .5 l i t e r  qur _ an t  i t  Cs a c c o r d i n g  to ti _ a c fo] low i n _ ag

prescr p t _ a r~;i

The number of g ras __ a _ as  of pn in- _ a d ered d y r e q _ a _ a i r e d to p r o d _ a _ a c e  a s o I i n t i o n  of

part i. c _ a _ a ] n r  co C e - _ a m t : _ a _ a i  s _ _ a  is g~v~~
_a i ) tL~ r : - l z _ a~ ~on

if ~‘r. ( ~-t ) ( ~~~~ ) ( L )

where

if g u .  n ; _ a - _ a --~- c - _ a -  of gr~~~_ a. of 
~~~~~~~~~ ~~ c

fequire-~ 
_a
~nlari ty

= m o l e c u l ar  w e i g~_ a t  n -I the d~-e

= 309 . 3 c
~~~ i _ a- )

and L = number of l i t ers of so lvent  ( F t h n n o l )
A

Accor~ ing 1y , 1.5 liters of COO S~~Ote l a s in g  sc _ a l t _ a t  i c _ a _ a , at 1 X lO~~’ pola r , requ ires

46 .4 gra ms of p o_ a- .- c-red dye.

To i l _ a s u  ‘ c _ a  ci c - _ a l  i _ a _ ac _ a c -s du r i n g  t i _ a c  _ a . - i _ a - . i  i _ a g  p~ oc ’~ s_ _a , s _ _ a l l  ~ l a s s_ a --ar e- and

accesso i- i c _ a ; s __ a _ a - c  t~ _a o;-c--ughl y w _ a - _ a -~-e d with ‘(~~ proof e than ol  prior to m i x i n g .

In .i-~J i tion , t he _a~y c  l aser  is cquiped w i t h  s _ a  “ in l i re  “ f i l t r a t i o n  svst c-na to

remove any dee c_a _ a y _ a  t a~ ~ - or forci su l_ a s z_ an ccs tHt m -_ ar. y i-_ a c p rcc_a cn _ a t in the

c i ic- u i _ a _ a l ion _ a a _ a - s t  c; -

s_ d~i 1 ~‘ ~1_ ac dy e- i_ a ; b e i n g  _ a , _ a - e d , i l _ a c  i _ a _ a l t  i - i l - i i  i c -nt  o~ li _ ac dye lase r

0 1_ a t i L _ a -  1 _ a -  1 - _ a  ~~~~~

I e - - _a u - - - _ a~ . ~~~
_ 

s_ s _ i _ a  
~
. _ a _ a  _a , _a _ _ _a 

~~
. 

~~~~~
, _ a ,  _a~~

- _a ~~~ _a -
~~~ . _ a ~~ _a-

L ~~ .: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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convent ional ~lign _ a_ ai cn t proce dures using a lie Ne laser are time consuming

and impractica l. We developed a quick but accurate technique to visually

al l ign the flashl amp-purnped dye lascr.

Wi th pure ethanol circulat ing through ti _ ac laser firing head , the maxi mum

and ou tpu t re fl ector s ar e vi sua l l y  brought into al ]ignment in a plane-paralle l-

mirro r co’~figurat ion ( PPMC ) .

DP-60 ~A L I  —LI LI
Prisms Flash Lamp Output

Reflec tor
- I I t-taxi_ anunn Reflector

This is done as follows .

1) Wi th the capacitor bank voltage at zero volts , and the dy e

circulation system containing pure ethano l C no lasing solution or reflectors ),

one may orient his eye in such a posit ion as to see coax ia ll y through the

center of the flash lan_ ap with both input and output por ts appearing concen tric.

p

2) One installs the maximuns_ -I reflector jr_a the PPM confi guration and adj us t s

the hori zontal and vertical vernier controls on the maximum reflector mount

so that the return ima ge of the eye from the reflector is concentric with

the input a_ a _ a d output ports of the fla shla mp .

3) 0_ a _ ac , t i_ acm instal ls  the output refl ector in the PPM configuration

and again adjust s the horizontal and vertical vernier con _ atro l s on ti _ ac output

reflector moun t so that the return image of ti _ ac eye fr on_a t he  output reflector

overl aps the image fro m the  maximum ref lcc tor .  When _ a this is done , the laser

optics is alligned in the plane—paral le l  mirror configuration . It  should

be noted th at this ~lJ g n _ a nc nt  proc e dure is re l a t ive ly  accurate , can he perfor med

in a very short t ime , and does n-_ ant r equ i r e  t i _ ac use of a lI e..Ne l a se r .

The cth au _aol , bein g used in the dye c i r cu la t ion  system as a c leani ng

_ _  _ _
_ _  

-
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solvent , is d ra in ed  a _ a _ ad the f r _ a _ a _ as _ i 1>_a us _ n i xc- d COO 5-1 (_ a A _ a _ a _ a ; i n g  s o l _ a _ a 1  i o n _ a  is  f i l l e d  .

The dye is  a l lowed  to cir - -u l s _ _ a t e  for s e v c - _ a - s _ _ a l  m i n u t es t o  i _ a _ a s _ a _ a r e  t h a t  the in

l ine ‘ f i l t r a t i o n _ a  sys t e r _ a n  _ a-~il 1 rcu~ove s__a n y i _ a _ a _ a d i  c - so lved  dye crystal  c_ a r f o r e i g n

part i c-I c-s t i _ as _ i t  1 _ a _ a y  be p1-e E c- s __ a t  -

l i _ ac  laser syst em can n o_ a ; bc_ a operate _ ad i n  the “br o a dband” las i ng mode.

lV hi lc  ti - _ ac -  syste m does not yet  c o r _ a t a i n  the- Pl asc— R N — ( ” )  cli sper sive prism

assembl y, the b r o ; _ a d l , _ a _ a n s _ l  conf i gu r at ion  i- - i l l  a l l o w  o i _ a c  to  check t i c  th c-r ; ; s_~l

st a b i l i t y  of ti _ ac l a c -  ing 5 0 1 _ a _ a t _ a u _ a _ a  i n _ a the f L - s h i r e -p s __ al 0 _ a _ ag  w i t h  i l _ a c _ a  d ye ccncc -n~ r a t i o n

and i n t eg r i t y .

Once I s_ s_ sin g has  bee _ a _ a ac i _ a i  c-_ a’ed in _ a the  broadband -od e , the r _ a _ a _ a xi r - w: _ a  r e f l ec to r

is r ( -a _ aa _ a \ ’cd to s _ _ al i c _ a ;  ins t _ a _ a] m t  b a  of tin e 1 P — ( P  p r i sm a s r c _ a _ a—h~ y- . (F ig .  6 — 1)

Th e  c s scnh ly  a o r i en t ed  so tha t  t i _ a c-  n _ ac _ arms __ a _ al of  li.c inpu t .  f a : e  of pris ’-s_

#1 ~~~~~~ s an a r _ a g l e  of approx .~~~~ (-l y 6O~ i s _ i t  1_a t h e  o p t i c a l  a_ a d s of t h e  f l a s h i  ; -
~~~ -

TI_ac cap ac i  t or 1. _ a _ a sh j . S sc _a-: cb s_ u ‘led to apm-ox i _ a _ a ,  c nl y 10—11 iT. 1 . 1 _ a i i

t h i s  vo l t s __ a ge  _a’al _ a _ a e is i ;:- rge e ;,a~ngh to p~~_a s _ . _ a i  t t~-e. sp r _ as _- l .  gap t o b _ a - c s _ _ a l _ a  do_ as m a l l  o w l _ a _ a g

the f l a s h l a r p  to f _ a s_ -c , it is be low ti _ a c_a l a s i n _ a g  t h r e sh o l d  of the- d’--c , and

consequentl y, no la~~cr act ion w i l l  be pro duced . lIo_ a-:evc- r , by p 1 _ a c i n g  a srm’ l I

card c -evcra)  inches fro m_ a_ a t h c  ou t p u t  face of ~~I 1 5 i . _a 1:2 wh i l e  f i i - i _ a i g ,  t i _ a c  f l _ a n o i c s c e n c e

from th e  f l a sh)  s _ u s _ s _ s _ p emergin g f_ a -o n t i _ ac ot nt 1- _ a _ a t  of the pr ism a s s c c h )y  can he

readil y observed .

Wh en the  c x - _ a c  t l o c s _ _ a t  i o n _ a  c’ f t h i s  f l _ a _ a c _ a _ a c  s_ s _ c c - risc i- ins been c a r - _ a f u u l  y noted rn _ a d

the c ap a c i t o r  1 s _ - mi ’ vol t m _ a g e  r~~s _ 1 _ a _ a~~c-d t o  _ a ( S i o  _ a-ol 1 • s _ _ a _ a _ a  ex tension rai l 1_ aol d i n g

t he ms _ v _ a _a-: i 1 _ a l _ a m _ a l  re f i  ect or c— . _ a _ a he i. e_ a _ a g_ a _ a r _ a _ a r i  in _ art  a i l e d  ~t the out j_ ail t face of pri 5 _ a _ a

The u _ as __ a _ a  _a- - - .m _ a n r_a~ Ii 
- 01 shot _ al  d he h _ a _ am _ ag i ~~ c - a_ a - c  f u l l  v t a i _ a _ a s _ a _ a r e  t h a t  t h e  1_ aur i sen t  s _ _ a l

and v c v i i -~~~~ I ;- _a ’ rn _ a c’v SC’i t i _ a _ a -_ a c- u - _ a _ a  t h e  ve i l  ~t or m a _ a _ a _ a _ a t ,  ar e  not cb _ a :m _ a g -d frown the -

PPi , ~.um _ aii g m _ as _ s -; t (~_ a i s _ s _ c t  i _ a _ a , . ; . ~~
‘

. ‘ -) -_a r op _ a-i - _ a _ a t  h g c _ a _ a _ a l i t  _ a s _ a _ a s _, t i _ ac  ; - r _ a g l c  bet ween t I - _a-

e _ a: t  p~. t i e l  I cc- I _ ar - ‘. 1 c - n _ a - i  rn _ a r. ~ _a i ’d 1_ a t~ 0 ‘ _ a ’. ;-; _ a i  _a .1Cc 0 pr i - i_a n. i l l  c_ a~ _a l i-e l t he

4
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gross frequency t n _ a _ a ing of t i _ ac _ a l a s e r .  P1 _ a _ ac  van  s __ at  ion of t in e o u tp u t  frc - q uc _ a _ a _ ac y

is accomp l isi_aed h y vary i v _ a g  t i _ a ( -  1_ aor i  s o _ a _ al _ a: I v e r n i e r  of the n i _ as _ _ ax i _ a nmn.; re-fl cctor

after the  extension r _ a _ ai l  has  bc-er _ a n o s i t  ion ed s _ _ a n d  s _ a s _ c _ a _ a r c d .

Opt i ns _ i  z ;_ a t i  o x _ a of t i _ a c  c - m _ a r : p v  out 1’u~ s _ i  t h e  sd c-cl i - _ a l  fr c -uuc  n _ a, v n-: i 1] r~_ a - q u i  Te

at n - n_ a _ a t , f i n e  t u n  ng of t h e  v c ;r t i  ca l  \ ‘( -rni cr  or _ a the- s _ a _ a x i s _ _ a _ a _ a _ a r _ a  _a~v f 1  ( -ct o r  n_ a o t _ an t

The_ a o_ a tp t _ a t  nc _ all c c  or , st - i l l  set in t b _ a c -  p l s _ _ a _ ac  ) - s __ a rc  i i  cI m s _ i  r rc-v c om f i  cur s__ at i O~i

require s no additional opt i m _ a i z at ion .

It should s__ ag _ ad n _ a I _ a c no t_ a v d t h at  ti _ a l _ ac ent i  i _ a _ a  - i l l i g - _ a : e i _ at cai~ ge n era l  I >- i c

accomp lished i _ a _ a  I c-s _ s t i _ as __ an f i  cc minutes s__ a _ aid doe- s _ a _ a o t  i - eq _ au ;~~
- t b _ a c  r i s c  of s_ _ a Pc

N c la ser .

Ti_ ac ex tende d cavi tv l c _ a _ a gt h in the  t un i n g  c c n f i  pus _r a t i o n _ a  proc c e_a’ - s__ a

col l i _ a c t e d  bea r  cs __ a , ~_ ah ’ l  c o f p . ~~_ a!nc i _ a _ a g  i_ a t_ a m pa l _ a t e _ a - n _a c _ a _ a _ a  P o]  s_ nro i d f i . l _ a _ a . at d i _ a ,arce s

up tc_ a C_a fee t  f _ a c - _ a ,  1 _ a .  ou t p  - :t  r e f lec t o r .

The energy c ’f the l a s ur  p _ a _ a 1  c-c was _ a: - ca- ,c r c -d P fc c-i from ti _ ac ’ output  r e f l e c t o r

usin g a t .1_ a er mno p i Ic  ( K c i t . _ a : J  cy l 4 9 — ~- I i 1 1 i — I l i c s _ - ova1 t ;_ a - :-tcr a _ a _ ad a I’ n tm I ~o . lOS

detector  head ) c a l i b r a t e d  at 50 .2  u V / i ou i e .  Typ i cr _ a ) ou tpu t  c -nc- _ a -~~ics of the

order of s c _ a ver _ a _ a l  t e n t h s  of a j ou l e  s__ art - el _ a t ai ned s_ - u _ a _ a t  i _ a _ a c- l y .  r- c)r I~~lse si-ap e-

s t _ a n d  i c c -  the  b c_ au -_ a was _ am _ a o ni . to _ a - c-cl  by a p i _ ac _ at  o d i u d c -  ( P s _ i  g .  6~ I ) and a Tektr onics  7( 13 .

A t y p _ a  cal p~~ sc I n s  a f _ a _ a l )  n- -i dth  at h a l f  ms_ ax i n _ a m _ a _ am of 600 ns .  V~ith a pul se

energy of 0.2 Jo _ a _ a l  c-; and a ~ U 1c - c -  d ur _ a _a i _ a s _ _ a _ a  of 600 u s , th e  pulse p01- or of ti _ ac

- laser is a1~out 300 Kl - . u s _ i  le th i s  repi-cscnt s a typ i c a l  output powe-~’, p _ a n I s e- s

with 1_a-;; :ci- nu p t o  860 liW we - _ a - c - recorded

- 
The p osi t  h _ a  of ti _ ac- l a s e r  1 in _ a c_a was ~i_ ae asu r c- d in the  f o l l o w in g  w ay.  A

port ‘I on of t h e  ~
‘_ a ’~- s _ s _ ~~~_a was  _a~~l i t  and fed u n t o  a Spex 3/-i meter nonoch ro m -.:at , o r .

Wi t i _ a  (‘ s _ c wave] c-np t i_ a S ( - l c -c - _a o; i— c t at 5 7 h _ a’) A , ti_ ac la s e r  li _ a _ ac was pino tograp i_ aed

aga i n _ a St the  m ac-i - -~ n - _ a _ a _ a n d  a s _ _ a  k m _ a v ’ _ a .- _ a _ a p o t  J o n  of th e  I sp ect  ru _ an . P r io r  t o

- n t c- _a - 
~~~ t i _ a c  r _ a _ aon o _ a _ a - i _ a  n i _ a _ a s _ _ a r , t h e  I ~_asc-r ~~ I se _a~-a s s _ _ at te n _ au n t - c_ a l by a P=0 • -i n _ ac - ut va I

- ~~~~~~~~~~~~~~~~~~~ 
___________



dens i ty  f i l t e r  a_ a _ a d d i sp es _ -  ~_ a l by ground g l a ss .

Whi le  t h e  c- n _ at m _ a _ ace s l i t  was set at. 5(1 , _ a u o out put s l i t  wa s  used .

w i t h  know ] ed ge of ti _ a c -  i - ec i r )r o c -_ a_ a ) I inc_ ai r d i _ a _ a p c - r s i o n  of ti _ a c r _ ao ns _ ochro n _ a _ a m _ a tor,

we were ab le  to determine-  t h e  pos itic _ ar of the ] _ as _ e. T  l i n e  u s i n g  the 54 6 1 .3  A

em iss ion l ine of a low i _ a Y - - _ a~ ;_ a _ a re  11 ._ a l I s _ _ a ’ . p a s a --e!h s _ c-n c - c - . If s__a typ ical laser

l ine , for o x _ a _ ac - - pie , i s lou _ a_ a d to i_a_a c 0. 0 _ a . ’
~ _a to tb _ ac  I c - f t  ( b l _ a _ a e  ) of the 546 1. 3 A

Ji g l ine  and if t i _ ac  reciprocal l inear  d~ s_s_ p c - r s io _ a i  of th e  sp c_ ac _ a tr on _ a s_ cter  in thc-

wave lcng t }_ a  r ui _ a gc-  of m t  c rc _ a _ a t  i s  2?.  i t _ a :~ A / _ a rc - _ a I~l_ ae I s _ _ a c - i n _ a g  wave]  c n _ a g l h , A L~ 
is equn l

to

54 6 1 . 3 A - 1 9 9 ~~ A

5441 .32  A

The ou tpc _ at  freqia m _ a cy of t i _ a c  l aser  can I_ a c c bs _ s __ a _ ag e d by v ar y i n g  t h e  l i o n iz e _ an _ a t _ a _ al

ve ni _ a ie r  on t b _ a c  _ a ’ ’_a s_-_a i _ a _ a s _ _ a _ a _ a s _ _ a  v ’s_ f) c to _ a -  C C _ a _ a : s _ _ a 1

1~ith the laser  tun e_al t o  th e  d c - a l  cd f u n c l s _ , _ a _ a _ a e _ a _ a t s _ J  f r equency  of 5d41 A , the

second harmonic crystal  c s _ - n  be set- up far  prod s _ c - i  ng t he  req _ as _ i l - cd  UV pump

pulse.  1~e i n i t i a l l y  a t t e n q _ a t e d  second h a r e s _ o n _ a c  g c - m _ a c r a t i o n  w i t h  a OO~ phase

mat c l _ at e1 t e n _ ape -n atured tuned APP crystal  . (This i-c qu i  n_ a,-d t l , c~ a d d i t i o n  of a 2X

t e les cope a t t h e dye laser output to increase  the  power d en s i ty  of the Pt - I l A

r ad i a t i on  and Ic _ a reduce t h e  bean _ a s ize  to aceomodat e the APP c ry s t a l . )  In _ a

90 phase m a t c h _ a n g  c rys ta ls , t i_ ac f _ amnda _ a, - c r i t s _ i  s _ _ and second h a_ a - rc _ an ic  b eams p i-opagate

n or ris __ al to th e-  opt ic  c_ axis w i t b s _ o _ a _ a t  h i r c fr in g cr .cc n :b . i l e  the  ‘n :avc vector m is _ as _ match

i s  m ade equa l t o  zero by tempera tur e  tun ing t h e  c r st a i .  The quoted o~_ a e _ aa_ at it_a g

t enm _ ap c- i-at.ure for proper pha se -  ins _ at cluing s__ a t 2721 A i s  82 “C. ihe temperature of

the ci-ystal n.’; ._ a ; incrc~~o--d 10 ?2 - - 

C. s __ al: s_ _ a r s_ ul e of 1 .5 ~‘CI per minute -

Short l y n f l  en t i _ a c  op en - s __ a t  in - _ a g r c ’ _ a _ a - p - _ a-_ a’t n _ a - e  was _a c s _ _ ac ] mc -d , i t  was observed ti _ a o l

the leve l  ol t h i -  p i n s _ _ a s _ a -  s _- _ a _ a t  c 1 _a ing f l t _ a i  1 (S rcoi_a~ s _ a i _ a r c _ a _ a _ a n _ a ii ng the  -\~~r cr ys t a i _ a _ a

-

- t i _ ac  c r>- .ct s __ a l  o v c _ a _ a  Ic _ a d  drop 1 _a - -i cc_ a m _ a s_ a d-.- i’ s_ h- I y . At t ~. p _ a s to re~_ a l s _ te e the lost fl _ a _ a id 

~~

-- -

~~~i- 
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and ope rate- the crystal proved to be futile as fluid loss was s ti l l consid e rs __ able.

liven after re-pairs the unit co _ a_ ati n u e d to suffe r fro_ ai loss of frec i_ a and in

addi t ion , deg ra dat  ion of the APP crysta l faces was observed .

Several a t t en _ a 1_ a t s  by the : ._ aa nufac tu _ a - c r  to repair and modify the crystal

assemb l y over the  p roceed ing  m onths , c u d  not produc e- a sa t i s fac tory  solu t ion

of t h is problem . A f t e r  c o _ a _ a c - I _ a i d i n g  ti _ a s__ at our c i i f f i c u h  ies  we-r e caused by

u_ a_ aavo i ds _ _ abl c  c l _ ac _ a _ as _ ic - a l  decomposition of t h e  c rys t a l  c _ a _ a d faces at t i _ a c  o p e r a t i ng

temperature , we decided to purchase an a _ a n g l e  tuned KI r’ crystal  from C l e v e l a n d

Crystal  Co.

The angle - tuned  KDP crystal  does not require cr i t ical  a l l i gnme n-_ a t to be

or iented  correct l y a long t i_ a c opt ical  axi. s of the dye laser.  It operates at

room temperature and require s no reduct ion  of the f~nda _ a r _ ae r i ta l  b e - s__ am s i ze .

The U\’ conversion _ a c f f e c i en n cy  ~.s hi gh enoug h t h a t  t a d _ a _ a c e d  f l uo rescence  can he

detected visuall y from a su i t ab l e  screen p laced mn _ a - c  t han  2 f e - c t  froc-_a the

second harmonic c rys t a l .  ‘ihe output of the d ye laser  is almost l inear ly

polar ized in the hor izonta l  plane and th e  em _ ae rg in g  (IV pu lse is I m e -an y

polarized j r_ a the ver t ical  d :ircction . -
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7 Pr oduc t ion  of 1R laser r a d i a t i on

Our on g inal l il _ atas cal led for operat i _ a _ a n _ a  of fla sh l i_an _ ap Dye laser operating

at 9153 A° and usin g J R  125 dye dissolv_a :d i _ a _ a  DMS C) as a c t i v e  n _ ane diu c - _ a. in

assembling and testi ng the co n _ amu _ aerc i al  u _ a u i t  w-hi cl_a had b ee-n purc h ase d for th i s

purpose , n -c  encounte red s e v - r s _ _ a 1 ser ious  di f f i c u l t i es  whu i  ci’ we b c - ) i e v e  ough t to

be made exp l i c i t  i n  t h i s  report . - 
-

The (lye so lven t  (DMSO) nd _ a c -n used i _ a _ a 1 ge 9u a l u t i t i  es (ab out o s _ _ ac l i t e r )

poses a se_ a - ious h ea l  ti _ a I_ a azarc l . i l _ ac  au  g a _ ar c - _ a _ a t  of t i _ a c  la se r ’ s op t i c - a l  conpo a c-ns_ t a

is made ve ry d i f f i c u l t  b y th e  ion _ a g path l _ a - ; ; g t h  of the ac t ive  med ium a _ a _ ad ti _ ac

near ly  total  absorp t ion  of t he  l ie-N e laser  li ght  by the dye . I _ a _ a addi t ion the

DI_aISO f reezes in the tub ing  wi n e _ a _ a t i_ ac l abor_auto_a’>- t e _ a _ a _ a p e r _ a _ a t i _ a r c  i s  less than 18. 4°C ,

n-d _ ai lc at the s am_ a_ a c t i _ a _ a c , the opera t ing  e f f i c ien c y  of the dye he-cozies too low for

useful  oper at  on at temperatur e ’ hi gb _ a c _ a _ a t ha i_ a about 20°C.

li on- s_ ever , two of t i _ ac  most sc_ a-low ; d i f f i  c u l t i  es i _ an th e _ a or i g i n a l  commercial

de s i gn_ a of the lase r w e _ a -c ti _ a c v_ a _ a _ a-y low punr~~ing  c f f i c i u n c  of the IR dye by t i_ a c - -

xe f l a sh _ a  l a_asp and the rs __ a p i d  degradat ion of the dye by ti _ ac hi gh fr e quen_ acy

spectra l end of t h s _ - ~ U_aU~ radiation _ a . ( I t  should  be kept in; mi _ and  t h a t  ti_ ac JR  125

dye has an absorption peak at 8000 A°) -

A sec -on_ a d atte _ a_ a _ a pt  was made us i _a_ ag t i _ ac dye I s_ user c av i t y  to produce a broad

ban d 7000 A0 laser radiat ion  us 1 ng n _ ao t u n h _ a _ a g  e lements  and Ox azine 720 dye

d issolved i _ a _ a l ithanol as the a c t i v e  c l e m e n t  n- - i th  a concen t ra t io n_ a  of 5 x 10~~ /1 .
Under these con _ a di t i or _ as the l_ ao_ a ;cr d i n s i  ty output  of t h e  Ox _ a_ a z inc  laser was

mea sni u-ed to  b_ a’ al_al ’ i-ox i j_ a _ as __ a c i v  550 id;’ / c _ a _ an 2 
-

The J R  125 s o lu t i o n  ( 1 x I (~~~M in D~1S0) was p laced in a 1 cm x 1 cm

S~~C c-i rop h ot 0_ a _ a s_ c - t n- IC  eel I n-s_h i c-h was p o s i t  j oined i_ a _ as ide  a cav i ty  co _ a_ as i s t i n g  of th e

;_a n - a h ni- i s_ ttc- ref~ c_ a c - I oc - s_ ( I i ( 7 - - I )  , i_a_ a a p 1 s_ nin e’ r _ a: _ a _ a ’a l ic - I c o _ a _ a f i  g i_ ara t  ion . The

so 1 _ a _ a t on _ a _ a _ a- s _ _ as si. i r i d  i’y s __ a _ a _ a _ a . _ a _ ag nc t  _a c bar and m a gn e t i c _ a  st I n -r cr .  I_ a y 1_aa _ a - d f o c u s _ _ a l _ a _ a  p 

_ _



the p~_ an _ ap pu l se  i n s i d e  the I i  _ a _ a _ ai  ted volu _ a _ a _ ae  of I R dye we I _ as __ avc -  succeeded i _ a _ a

ob t a i n i n g J R  laser  c- _ a s _ _ a l ssi or_a , hut  i_ act to such an ex t ent as to allow energy

or powe r n _ aea s ur e _ a r _ a c- _ a _ a  t s  . B y focusing t he  I R ou tpu t  on exposed h a l  aroi  d f i  h _ a u _ a

we I_ aavc ba re ly  m s _ i _ a _ a s _ _ a g e d  to i_aroclt_ac e sn _ an a l  I s _ u i _ a d  f a i i _ a t  bur r _ a 1_ aa t t c - nu _ a _ a ;

~ third desi gn emp loyed a spec ia l  J R  cc -Il (Fi g. (7-21) pu 1a-d by the

Oxaz inc laser  pu lse . The d ye_ a c o _ a u c e n t r a l i  on was o p t i _ a n i z c d  a t  I x I0~~~I~ i_a _ a h _ a t ~O

s_md the  so lu t i on _ a - ; s_ e s ci _ a - culz _ at c-d axi all> ’ t lu i - oug l_a the  ac- i ve v o l u _ a ; c .  In sp i t  e

of n_ a _ a c~ - ; - _a_a ’ _ a _ as  j _ ax - e - cau t  ion s to  _ a _ a _ a  i _ a n  i i _ a u ze- los sc- _ a ; ~n d 1. o opt i l _ a n i s e  t i _ a c -  coup i i  :‘g of t h e_ a

active in_ aedium with the- pun_alp , t i_ a c J R  1 _ a _ a _ a- er po ;-.cr was fou _ a_ ad to he still unsat :is—

factory . in our op i _ a _ a i on the dye’ e f f i c i e n c y  is too low for op c-ra t ioi _ a _a- - i t h a

pump pu l se  as long s_ u s 600 n s c c , which _ a  is ab-uut t i _ a c  i i  i _ a _ a l t  for t h e  f l a s h  l a - p

pu _ a_ a_ aped Ox _ a _ a z i n  l a s e r .

Our fourth ~c -: ; ip _ a _ a i_ a _ a v oI~ cd ti_ ac use of a Q — _ a _ a c i t -~i c - J  Rub 1.-i. er as a pu s_ s_ p

for the  I B dye. Pre l i m i _ a _ a a ry t e s _ a  s n-.’erc- c s _ u i - n - i ed ac _ at  _ a -n_ access ful ly with a

p a s s i v e l y  Q — s w i t c l - ~ d Rub y laser (~~40 usc -c 1_ a _ an i se  d _ a m j ’at ion , ~~~ 0 .4  — 0.5 -Jou l e

puls e -  e i_ aergy) -

The 6943 A0 r a d i a t i on was f oc us ed b y a cy l i n d r i c s _ _ a l len_ a s in c -t o ti _ ac dye-

so l u t i o n _ a  u s i _ a n g  t h _ a~ same geo _ an n etry  shown i n _ a Fi g. 7-2 , hut  a f t e r  re-p l a c in g  ti_ a c

~lax r L - f l c c t o r  w i t h  a hig i_ a power g ra t ing  (1200 lin _ a c s / _ a s _ ; _ a s _ _ a)  - R e l i a b l e  IR laser

output  at  ti _ ac r e q _ a _ a i r e d  w a v e l c - _ a _ a g t  I_ a (9 153 A °) was o b t a i n e d  r o u t i n e ly  u s i  i_ ag s_ n fl

opt _ anna _ a _ a_a c onc en t r s__ a t i  on of 1.3 x ]0~~ / -b . J R  125/L)M SO so lu t io _ a _ a. Typic _ a_ a l JR pu lse

energ ies _ ace re measured to he about 10 _ a u _ a 3 with pulse  durat ions  close to 20rs ec .

(~ O0 h~ power) . In our present  set up 1t i_ ac pass ive l y Q-swi tchcd  Rah y Laser

has i _ ace _ a _ a rep laced b y a new 3.5 3 , Pockefs Ccl i  Q-snc i t ched h i o l ob e a m Rub y

laser (purchased w i ti _ a 1) m- cxel  fun _ ads)  -

The J R  c el l  c~ -s i g _ a _ a  h as  s _ _ a l s o  bce _ a _ a mod i fi  ed (courtesy of Ph _ a _ as _ - c  — R CoJ . A

vei-~- s _ a _ a t  i .  I s_ ic -tory h _ ac  _ a - f o r : . _ aa _ a _ ace-  i n _ a _ a s  be e _ a _ a  o b t a i n e d  n _ a s  l i _ a g  the set ni p sin e _ a c _ a _ a in 1:i g ( 7~ 3) . L 
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JR pulses i _ a _ a excess of’ 90- 100 i _ a _ a J (20 115CC d_ au-a ti o_ a _ a ) c _ a _ a _ a _ a be pr oduced routi n el y. 

I
The output r ad i a t i on _ a  shows good bc- _ a _ a _ an q _ a _ a a l i  I y a _ a _ ad m ode -ra te  d iv c r g -c - r _ a c -. On _ a c

major  adv _ a_ an t ag c of the pr e s c_ a _ a t  set up is t hat the J R  l a ser  h e n _ a s_ u i s  w ide  en oug h -

to cover e s s c -n t i a l l y t h e  en t i re  face- of the gr a t i r _ a g .  S u r p r i s i n g l y ,  the

in t r a c a v i t> -  J R  laser i_ aowc r is so hig h tha t  repeated opera t ion  has  i _ ace _ a _ a shown

to cause _ a p_ a - og rcss i v e  d a _ a s _ _ a sge  of t i _ ac  hi gh power g r a t i n g  used as a t u n i n g  e ] e i _ a u e _ a _ a t .

The pr oblem car_a be cured by either lengtl_aening the  1R l a s e r  c a v i t y  ( t h i s

would also improve t 1~e coil i _ a _ a _ a a t i on _ a of the l ase r  ou tpu t )  or by re-p h_ aci ng the

grating with a pair of tu _ a _ a ir_a g p r i s m s .  This  sec o _ a_ a d s o l u t i o n  l ooks less appea l ing

because of ti_ a c low spectra l  r eso lu t  i ou _ a of t i _ ac  pri sr_a_ as in the wave length ran~_ a e

of interest.
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8. T ii _ a _ a i _ a ug U_a u t

An i m p o r t _ a u _ a t  l- cu t u i _ a L - L ,~~ - _ a _ a t  i i i  ou r  _ a - x p i - u - i _ a ; - - u _ a t a l  se t  up t i _ a c-  ahi  l i l y  i _ a _ a

co _ a _ at  i-ol th e-  te- - s _ p c_a n - _ a _ a l  s L - ( j c a e - _ a _ a  cc of the-  IJY j - u _ a s _ s _ p  a _ a u _ al  of t i _ a c -  l i t  pa i s _ c - I r_ a t i _ ac-

p _ a - v s _ a - _ a n t  se t  up I I s _ c -  Ii r i  _ a u _ a~ 1_ a f t i e  P~_a ’ _a - s__a ~~‘~
- r c s _ _ a _ a _ a  i _ ac-  co _ a _ a l  r o lL -  d c - i  ti _ a good

acc e_ ar acy . A _ a _ a n s _ s _ j o r  i r o ~~~ 
e : s _ _ a  _a- ; ;~s p o s_a - d  i n i t  i s _ _ a l l y i~~ t h e -  nee d  to i ni _ a t i _ a c  P I _ a s _ _ a s c -

Ph _ a _ as _ s _ c - -  P Con ~~~ A ° d y _ a- l a _ a _ a r w i t h  I~ _a Q - _ a _ a _ a - s _ i i  c - I s _ e d  Pith y l a _ a~c~ .

T i_ a is  wa s not  a _ a _ a c g l i g i  ~c dlii i c u _ a i t y ~~~~~~~~ of ti _ ac- la _ a - g e t i _ a _ a _ a c  j i t t e r

of th e_ a s_ lye 1 ; _ a c L - r c pa _ a - k  P~ d , the si 0_ a ; _ a i  sc- — t  s _ s _ c -  c _ a l _a he  t r i  ~gc r t n - s _ i _ a _ a s  f e _ a - s _ c s _ s__ a _a-

a _ a _ ad t h e  dep e -_ a id n c _ a . - of t i _ a _ a  co ro_aun d i s c _ a l _ a _ a _ a n - g e -  t u _ a _ a _ a c _ a  on the  N~ pressure  in  the-

gap a _ a _ ad t he  a i r  n n o i s t u r e .

To ov en cus _ s _ t h i s  prob i e _ a _ a~ we h _ auvc -  c i  i _ a _ a i n _ as _ i t~~l the  P h a s e — I l  spark gap rai d

r c 1_ a l c _ a c e d  it  w it  P s__a  s~’_a ~- i ~l lv  sd cc ted  ~- _ a  f~ 0 s p _ a _ a  k g _ a ;c s _ _ a nd  t ri g e r t r n _ a c- fc - i  ; s _ cr~

ci _ a _ a _ as _ - _ a u c t ’ - r i s c - d  l ’y - f : _ as _ 1c r u s e  t i n _ a c  (~~O l i _ a s _ c s  faster t i - c _ a _ a _ a  t i _ a c  o_ a - ig i n _ a _ a l

tr~_ a a : f ors __ ac ’ r )  s __ a n d s_ ac _ ac - h s_ a _ a - n I h - v  c t e c t r o _ a _ a i c j i t t er .

fl _ ac -  ne _ a c u _ a u i t  i s  se _ a _ a l c d , so t h a t  i t  c- I  i _ a s _ i n s _ n e t - s  t h e  u _ ace d for ad_ al it  ic _ a l _ a _ al

spa _ a - I _ a gap pr es n _ a _ a r  i :lt i  on_ a . f l _ a Is tr  ggcr _ a s _ _ aa y i _ a s __ avc -  t o  he r eplaced more frc- qu c-nt  l y

than _ a t i _ ac ori g I m u - _ a l  a _ a c  ( i i  _a c_ at be c- I  v s _ _ a _ a _ a - e d  i _ a _ a s  I d c )  but s__ a t 
~~ 

a-_ a i d e s  n _ a _ a _ a s _ c s _ _ a  ous

ad _ a ~_ a s _ n t _ a _ a g c -s w i _ a i d _ a  w e l l  c o _ a _ a _ a pe- n s _ a _ a t e  for  the ’ f i n i t e  l i f e — t i _ a u _ a c ’.

Ti _ ac o p c _ a - _ a t t i o _ a _ a  of t h e  n _ a c _ a ;  t en _ a _ a i r _ ag _ a u n i t  is i i l u s t _ a - _ a _ a t e d  i _ a _ a  F ig .  (8 — 1)  . At

t 0 ( t i _ a c  o mn _ a ; c- t c_ ar  t i _ a c  flub y t l _ a u s i _ a l a _ a -~ - ) a inn I se n tc _ a - s  a mas te r  c lock to

1 _ a _ a t e  t~_ a c  d e l _ a n y  ( F i g .  (8 --2)  ) - The P o c - k e l s  C c i i  i s  t _ a - i g g e r e d  by a s e c - a _ a d

p I c c  f : _ a _ a  t t - s_~~n - - _ a - r  c l o c k  n-~ _ a i d _ a  i s  I - n v - P _ a c _ a _ a l  _ a _ a 5 1 v _ a -  s_ _ a p re sen _ at  t i m e  t
1 

- ( - in  our

~~~~~~~~ 
p _ a s  _ a - . _ a ) .  t i H - d  p _ a _ a l _a i s  1 i i _ a _ a i l 1 ~ s e -s _ _ a t , a f l er  a v a r i a b l e  dc -la y t ,. to

- . r~ n _ ag  _ a _ a  i i  -

- n - _a - i _ a  ~~~_ a s _  _a ’u _ a _ a-  a I i i :  I T~ p _ a _ a  I _a~ _ a’ 0 _ a _ a L ’ cu _ a  lv
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