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111 o u r  p r c s c n t l  y I\r1c)w11 I ,3 l . ,oratory ~ l l t l  1,~71!1111er(:idl C.F ' .S~UIT,  

s Lan(i:qrds, t l i e  s~)-(:ri l l cil K:~:I:sI- r[3vi ty i P T ~ ~ I I  l(nye~1. Tlic 
P I ~ v C I T ) ~ ~  O C  L l i ~  :3.~s(:ii:i:lti?(:l T:~?I.L.sP), ~~;-l t t i?~-ti  if5 d (?Lc rn~ ined  by t l i c  
( l i s t r i . l ) ~ i L i o n  ;~Lc):>,iic: \,,el{.)(.:i ~ i c s  iri 1l1,: ; i t c ~ r ~ i ( . ,  lbc;i~?i. ' 1 ' 1 1 ~ :  w i (dc+r  
t i i p  v t ? . I c ) ~  i.Ly i I i s t r i b ~ t i ( n 1 1 ,  i I I ~ '  T1;31.ruivrc:'r \;.il l i>t-  [ l l ~  1 i ; i l  1.-wiciili 
(7r l i i e  c n v e l i ~ p c .  o f  t i i c  iia::lt;c:.< ~ ~ ; ~ t t i i r u .  I he  .=rr \ ic i lope c ~ f  t h i s  
R n r n s c y  p a t t e r 1 1  i s  inv;>ri:.i:i t ; > ? n i n s ~  c : ~ v i t y  1)i1:1s~: sh i .1  t . 1-11 
o t h e r  words ,  I-t-te r c l l t c r  o f  Ll i r - .  e n v e l o p e  - i i i  cor1Lrnst t o  t . 11~  
center of  t h e  main [jealc- o f  t l l r ?  cesonnncil - ( ~ O P S  n o t  s h i 1 t  frc)ill 
c c s i u m  atomic: rcsnn;.jnce frcrji~c:ncy wllc~i the c a v i  Ly p h a s e  s l i i f t  i s  
v a r i e d .  

TL'hereforc., i t  i.s sug,;,cst~!ii tli;it t.he sysLcn1nt:ic frequency 
s l i i i ' t  due  t o  ~11-1 r K plir1:;i ili f f ~ r r t . n c e  hctwecn ti-)? t i i rc l  i r i l c r -  
at-ti011 r t . f : i o i ~ s  o f  cl riorrr:~~l Ra:~si.v ~:.:tvil.!- i:'dn I-jt: c l in l i i l a t -cd  hy 
u s i n g  s i m ~ i  l t a i i e o u s l y  t \ i ( - j  , i i f f c i - i : n t  f r c q ~ l c n c - , i ~ s  ;~rciiind tl-re. 
[ rcsium resonarlcc5 ;ippl i ~ c l  L O  t:,:cc ~ ~ p a r ~ t c ~ l  i n  Ce r;~c:tiinti r(2x.i o11s 
~~'11l i .h  i i r e  n o t  0:.1r[ of  ti-IF . . , < . I ~ L >  (:;2\,iLy. I < - 1  t i l t :  ;lL(:~il., Kl~i:; i:; 
(:clu.ivnl elit  t o  ;i I. i n i c - ~ ~ ; l r ~ ~ i . l ~ . z  i.;ivi l b, :71i;+st' 5t.i.i t: L !1etw~ic11 
Llie Lwo i n t c l - a c t i o n  re!: ion:;. .I ;:iodr11,-it-ion of t i l e  Cri .q~. ici ic ies  
,b,j ;IIIC~ v:) ~ ~ p l p l i e ( 1  t(-> (:i~vitit . :s 3- ;111d 2 ~ , : i l I . .  p ~ - o c l ~ ~ ( - : t !  :;,igsl;3ls 
:;vn~r~ietric:al.l.y ..;p;~(:eci ;irt-rr.~riii Iruc l i i i e  cczlLcr or tile ccsiutrl 
r e s o n a n r e .  ' I ' l~is t c c l i n i  qui' i s  i ) r i  efl > r  ilesr:ribi.cl and Llic i3dvan- 
t n g c s  a r c  n o t e d .  

1111 iil1]3r(3vemci-it j.11 L ~ I L  ~2(:11i~>7L~al> It! ;:~c:crl~-;iry wi.Lii :l.;.il~ur:~- 
t o r v  1 - y ~ ~  p r i ~ ~ ~ t ~ r y  ~ ~ c : ( [ u P I ) ~ : :  s t : .~~~i i ; i i - i l s  :~i.)!)cA;ii-s !-lr13sih l e. Corn- 
1 7 1 ~  I-r i ~ l  ly ~ ) r ( . ~ d ~ ~ r c ( l  :;:::;11 I l)e,.i::, L L I ' U ~ . . ;  :;!:I\., I -L iil i :<(> :!( ct~r:~ric?.:;  
11~"es(:l1tly ;.ic:liicve~l c);i 1.y ~ c i  L - 1 1  L I ~ L >  I . I I .~L ,?  l ; i t - ' . : ~ ~ ~ -  Z I I ( . ~  IT(-11-e ~ x p ~ ~ l i -  
sive 1r ibo r ; i t o ry  n r ~ i t s .  i 1-1 aciiiitic-11.1, ! .or i~>-t i~~.-~-  : ; t , ~ i - i i  l i 1 !; 211d 

r l  ocli pi . r for l :~nnce ~ ' ; I ~ I I  I t 1  (:ni~,int,cd s;i;:::ir i c , , ~ : i  L .L: ill t ) ( . )L11  
l a h o r i ~ t o r y  ant-1 i-:orr~mt>ri::ia'l .~~.ir:;ion..; i . ) t  tiii.: ni-ibt ~( . : r t i r l j .c l~ic .  
An cxperiment;31 p r o , g r ~ r r ~  :I irnc'c! ;-it: rc.;l I i z i i ~ y  l!licse iidv;illt;lj;t!s 
i s  p r e s e r i t l y  c1nde.r way, 



Atomic c  Lorlcs of many rnnf  i g u r a t i o n s  have been s t u t l i c d ,  used ,  ant1 
rornmcrr ia l ly  produced.  'I'he most used and importa l l t  example i s  t h e  res ium 
beam atomic  f requcncy  s t a n d a r d  o r  c l o c k ,  n c v i c e s  of t h i s  t y p e  form tllc 
b a s i s  f o r  t n d a y ' s  tirne s e r v i c e s  a s  well as f o r  p r e c i s i n n  n a v i g a t i o n  3114 
communiration sys tems .  They a r e  a l s o  used as  t h c  pr imary s t ; m d a r d  f o r  
t l lc  u n i t  oF t ime .  Tn a d d i t i o n  t o  a  number of l a b o r a t o r y  b u i l t  c c s i t ~ m  
beam c l o c k s .  a  l a r r r r  nuinher of co~nrriercial resiu111 a tnmi r  r l o c k s  i s  i n  
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F i g u r e  1 .  Schematic of  a cesium beam frequency s t a n d a r d .  

T h e  b a s i c  conf i g t ~ r a f  ion  of a cesium s t a n d a r d  i s  shown i n  F i g .  1 .  
An o s c i l l a t o r  (usual1.y a c r y s t a l .  o s c i l l a t o r )  i s  c n n t r o l . l c d  v i a  a s e r v o  
l o o p  hy t h e  cesium a tomic  r e s o n a t o r  o r  beam t u b e .  Tn o r d e r  t o  l o c k  t h e  
o s c i l l . a t o r  t o  t h e  a tomic  resonance ,  t l ic  resonance h a s  t o  be i n t c r r o g a t ~ c l  
i n  o r d e r  t o  produc-e a n  e l e c t r o n i c  s i g n a l  a t  t h e  d e t e c t o r  w1lic.h i n d i c a t e s  
how l a r g e  t h e  f requency  o I I s e t  from t l ic  atotnic l i n e  c e n t e r  i s  a n d  011 

which s i d e  of  l i n e  c e n t e r  t h e  f requency  o I f s e t  i s  l o c n t c d  [ I ] ,  
The p r o p e r t i c s  of t h e  microwave c a v i t y  t o  a high degree  determine 

t h e  pcrfor t~lnnce o r  t h i s  d e v i c e  a s  a frcc1uenc.y s t a n d a r d  o r  cloc:k i t 1  te rms 
of accuracy  a n d  lon~g-term frc-quency s t a b i 1 i . t ~ .  During t h e  approximately I 

twen ty - f ive  y e a r s  of devel.opment of cesium bean1 devic-es ,  d i f f e r e n t  cilvj t y  
c o n f i g u r a t i o n s  and  d i f f e r e n t  rnodu.1 a t i o n  sclicmes h ~ v e  been t r i c d .  Most 
n o t a b l y ,  c a v i t i e s  nf t h e  Ramsey type  a r e  being employed, i , e . ,  twn 
r e g i o n s  of i n t e r a c t i o n ,  s p a t i a l l y  s e p a r a t e d  b u t  p a r t  of t h e  same mir r -o -  
wave c a v i t y  a s  shnwp i n  F i g .  1 [2]. The t~loclrllation scllcrncs f o r  1 il-lc-. 
c e n t e r  I.ock whicll have beell employcd a r e  get-lernl.ly oT t h e  f requency  and 
phase  ruodu l a t  i o n  t y p e ,  a n d  sinewave o r  squarewave m o d i ~ l a t i o r ~  1-13s 11c.c.n 





w i t h  r e s p c c t  t o  r f  p h a s e  s h i f t s  be tween t h e  two i n t c r a c : t i o n  r eg i .ons ,  
w h i l e  t h e  Rarnscy p a t t e r n  i t s e l f ,  i n  g e n e r a l ,  i s  n o t ,  due t o  t h e  c a v i t y  
phase  s h i f t  6 14.1. Tlie c e n t r a l  pcnk of  t h e  Kan~sey p a t t e r n  o c r - u r s  
approximately when w - w - ( \ / ~ - 'S :o  wlierc "T:. is the. a v e r a g e  t r a n s i t .  t iulc  

0 
bctwccn i n t e r a c t i o n  r e g i o n s  and wl-~cre w i s  tl1c trtlc atomic: (ar iguli l r)  

o  
r e s o n a n c e  f r e q u c n c y .  

ET,TPITNATION - OF 'I'llE CAVL'l'Y PHASE . SHIFT - - - - 

'l'he pu rpose  o f  t h i s  p a p e r  i s  t o  d e s c r i b e  hr ic fy ly  a v a r i a t i o n  of 
Kamsey's s e p a r a t e d  o s c  i l l  n t o r y  f i e l d  t e c h n i q u e .  I n  t h e  s i m p l e s t  form 
of f l i i s  new t e c l - ~ n i q u c ,  t h e  r e s o n a m e  sample  i s  i n t e r r o g a t e d  by two 
time-delayed p u l s e s  of  r a d i a t i o n  as  i n  t h e  o r i g i n a l  t ~ c h n i q u c  [ 2 ] .  1t 
d i f f e r s  i n  t h a t  t h e  r f  p h a s e  of t h e  second p u l s e  i s  a l l o w e d  t o  advnncc 
( o r  r e c e d e )  a t  ;I c o n s t a n t  r a t e ;  t h a t  i s ,  t h c  microwave f r e q u e n c y  (7f t h e  
secontl pul . se  i s  o f f s e t  rroin tlial: of  t.he f i r s t .  111 i t s  p r a c t i c a l  r c a l -  
i z n t i o n ,  t h e  two i n t e r r o g a t i o n  rcgiol-is a r e  n o t  p a r t  of  a s i n g l c  c - a v i t y  
(RS i11 t h e  t . r ; ~ d i t i o n a l  Ramsey c a v i t y )  b u t  r a t h e r  i ndcpcnden t  c a v i t i e s  
d r i v e n  by t h e  f r e q u c n c i c s  v l  a n d  v;! a s  shown i n  F i g .  3. 
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F i g u r e  3 .  I n  t h i s  example ;  V \  = v l  = u  v2 = \) - Av, v >  = v + ':) 

K' 1C R 
whcrc Au 1/T and where T i s  t h e  a p p r o x i m a t e  t r a n s i t  t-irle 
oL a toms bc twccn c - n v i t i e s .  Tlie s e r v o  f i n d s  t h e  c o n d i t i o r i  
wlicrc S(Av) = S1(Av)  which i s  t r u e  o n l y  when v = v . 

R ,  0 

5 74 



I These  t w o  f r c q u e n c k c s  ijrlvc ;I i i:.;c..cl irticl~.lcnc.,y r c l  ; ~ t -  i oilsl-1i1) t o  eacl i  
o t h e r .  'I't1t.. ntcjms a r e  :;lib-j ec  ~ c t l  t o  f-.ir';t t h e  frcquerlc:y i n  t h e  i n t e r -  
;2c:L i o n  r e g i o n  1, t1ic.n Lo t i l e  rreclt~i‘i-~cy iri t . 1 1 ~  i r ~  t c>r;i(: L in r  r e g i ( m  ? .  
To tlic. a tom, this i s  e q u i v ; ~ l c l - i t  t o  c.. t i .mc-v;2 L-y in? ~ : a v i t y  pl-lase s l i i f  t 
bc tween  t h e  two i n t ~ r a ( : t i . u l l  r ~ g i o 1 3 ~ ;  t h i s  (:; ivit>. p h a s e  s h i f t  clcpencls on 
t h e  t ime-ni"-f l . iql i t  o f  t h e  a tnnis bctxtrecn tile IrxQc, i r 1 t c r : l ~ : t i o r l  r c s i o t i s  2nd 
or1 t h e  frerluc-.lic:y c1iffererli:c - - 

A t  t j i c  clc-.tei.tor Lllc7-t: i s  :I i i l - l i i . ; ~ > i . c l , l l  1) ~ ; > ~ ~ - . , , ~ i l - l ' . ;  " ~ i ; , ~ i ~ ; . - ~ l "  < 3 t  1-re- 

the-n t h e  : ; i y n a l  :it t i l e  clctec:Lr>r h a s  t i l e  sarrle r-*mpI.it~lclc: o n l y  ~dliet? I 
[lie a p p l i  (?il ~ - r ~ c l u c n r i e s  ( , ' , , -. ' )  \,:-1i1 bi. c~i r~+. . t . l i  r e l a t e d  t<: l  . . 

i) I 
0 1 1 ~  s l  i  gilt c l i  s:~dv;-in La,<(-, :.)r t l ~ i  ; ,,,i. t i ~ ! , t i ,  : i f ;  ~ . . T I I I ~ ~ : R I - c ~  to t r : ~ d i t i u ~ : i n . l  

c:csi.uni s ta~ici~irr l : ; ,  i s  til:>t L i l t .  R , ~ : ~ s i i >  (-n$<i.lopt? i ,  5ruarlc-r- Llinn t l le  ~ - . e n L r ; j l  
Rarris~y p e a k  o h t n i n e d  i 11 L!it! u s l i , i l  .:11-7-;21iye:l:er1L. Hnwcvcr, t l i i s  1 n s s  of 
r c s o l l ~ t i o n  shoul i i  n o t  lii-ive Lo bc 1:lort:- than a I - a c t o r  0:- L-idn f o r  n I,calil 
w i  t!i ii b r o a d  (e . ) ; .  , 1Ii~swel. 1 i a n )  J i s t r i b u t i o t l .  

(1) 1;ii-s t . -o rdcr  phase-s i i i  i L  l:~r(:)!.) I ~ 1 . i ~  : ; I . I ~ ~ I  ;aA.-; :-ilL ~ : < ~ \ , , i t : l .  p l i , ! ? , ~  s l ~ i  
.2ri.! c ? iminn . t ed  i n  :ili tw:) 't-i:~::iier~i:. si.l);11'.-!tt : os5:.i.i 1 :Itor;r i i c l  t l  

rneL11orI . 
( 2 )  B ; ~ ( : l q r o ~ ~ r l d  1pi.il.l. i.n;? t+!:f+[: s :I ; I - < < ~ I ~  i >, ..:j.:>i.-.,izcij il; c ( , ~ - t ; i i ~ l  csx- 

p e r i r n c n t s .  F o r  cxij;r11)lc, ill , - ,c? . ; i~ir - ,  ,: 1 <-li.:\ c!:-li'r~~ t iorl .;ys t r :na t ic  
f r cqucncy  p t l l . l ing  llormill. I v r!i.c7l.1r+, ,iut- ::a ..)\!(?r 131) 0 1 -  t l ie main  1- inc 
w i t h  (%enera1 l y  nsymnictri  L:) f ie .1  cl-lct~i?rliicnt Lr; in: : i t ic)r~s [.i ] (" l<abi"  
p a t t e r n s ) .  NO s i g n a l .  c~:~lltt...::i t:!t:~,l!i.s ;.!t Y ~ - ? i ~ [ ~ t ! i , l ~ : j ~  -:.,.) f.1-01:: ~ l i t ! s e  
o v e r l a p p i n g  t r a r l s i  t i o n s ;  t!~ is . i l  1 , i : i ,  II<,L .I i -  Y i ;!,LILT .i r.;.~ilt.ly ~ C : C ~ U I : C C ~  

o p c r a ~ i 1 1 ~  ~ l l c ~ g ~ l e t i ( :  J:ic I ds ( i , ; i ~ i ( . h  L , L > ( I  I [JL i-:(.ji-: .:.I.! I J .  ~.YI(-,I-~J:.Is~: this  



( 3 )  Separate i n t c r a c t . i o n  r e g i o n s  can  be  c o n s t u r t c d  wit.11 low 0. T h i s  i s  
a n  itdvantagc. bc!cause : 
( a )  C a v i t y  p u l l i n g  131 can  be  made n e j ~ l i g i b l  c .  For  example,  i n  n 

c o n v e r l t i o n a l  atomic. beam r c s o n a n c c  a p p a r a t u s  us in^ separ ;3 tcd  
o s c i l l . a t o r y  f i e l d s  t l i e  ( 2  of t h e  r e s o n a n t  c a v i t y  i s  made v e r y  
l i igh  t o  make 1 fi 1 s m a l l .  I n  t l i c  two-f requency method, two scp-  
a r a t e  c a v i t i e s  o f  low (1 can be  made by t e r m i n a t i n g  s h o r t e d  
p i e c e s  o f  wavcgui.de a t  t h e  i n p u t ,  t h u s  making c a v i t y  p u l l i l i g  
negligible. (Wc n o t e  t h a t  r f  l e v c l s  do n o t  have  t o  be  t l i e  
same i n  t l i c  two c a v i t i e s .  ) 

( b )  'This may r e d u c e  f a b r i c a t i o n  compl.cxi ty and c o s t .  Moreover,  
s u p c r c o n d u c t i n g  c a v i t i c s  cou ld  bc  i n s t a l l e d  i n  l a b o r a t o r y  
s t a r l d a r d s  sucfi Chat o n l y  t h e  end p i e c e s  were  s u p e r c o n c l u r t i . ~ ~ ~ ,  
t h u s  s i m p l i f y i n g  t h e  r e q t ~ i r e d  c o o l i n g  and e l . i rn ina t ing  d i s -  
t r i b u t e d  r n v i t y  pllnse. s h i r t s  ( s e e  be low) .  

( 4 )  In high-acc.uracy Erequcnry  d c t e r r n i n n t i o n s ,  beam r e v e r s a l  [ 3 ]  i s  no 
l o n g e r  n e c e s s a r y ,  althoug1-1 i t  wot11.d p r o v i d e  n t ~ s c f r ~ l  check  of tile 
rnetliod. E l i ~ n i n a  t  i.on of  beam r e v e r s a l  would g r e a t  1.y s imp 1 i i y  co-n- 
s t r u c t i o n  of  l a b o r a t o r y  s t a n d a r d s  and would g i v e  c:onimcrcial c e s i r ~ m  
ato111ic (:Locks l-iigher a c c u r a c y  wi t l iout  i n c r e a s e d  c o m p l e x i t y .  

(5)  J,ong-term freqt.1enc.y s t a b i l i t y  of  d c v i c e s  u s i n g  t h e  two-frequency 
method s h o u l d  b e  i n c r e a s e d .  For example,  i t 1  c.csium b e a m  flrccluency 
s t a n d a r d s  g r e a t e r  i n s e n s i t i v i t y  t o  m a g n c t i c  f i e l d ,  s t a t e  s e l e ( - : t i o n ,  
o r  c a v i t y  paramc t e r  sliangt 's sEloul d be  ob tai l - led.  

Tlic above  metl-iod d o c s  n o t  r .ompletcJy e . l imina te  s y s t e m a t i c  f req t~el - icy  
o f f s e t s  d u c  t o  "dist . r ibut .ecl  c a v i t y  phasc  s1iift .s" [ 3 , G ] .  T h i s  problem 
a r i s e s  b e c a u s e  t h e  phase  s h i 1 t  of t h e  r f  f i e - I d  rriay n o t  be  c o n s t a n t  
a c r o s s  t l ie  c r o s s - s c c t i o n  o f  t h e  bear11 due. t o  l o s s e s  i n  t-lie microwave 
c a v i t y .  However, t l i e  " d i s t r i  h u t e d  phase  s l i i f  t" problem may Ire more 
t r a c t a b l  e  w i t h  the. Lwo-f recluenry method.  For  cxamp-I c ,  t h e  o f f s e t  drie 
t o  d i s t r i b u t e d  c a v i t y  p h a s c  v a n i s h e s  i f  t h e  s h a p e  of t h e  v e l o c i t y  
d i s t r i b u t i o n  i s  t h e  same on  al.1 t h e  a t o m i c  t r a j e c - t o r i e s  t h r o u g h  t h e  
c a v i t i e s .  Fu r the rmore ,  a s  n o t e d  above ,  t h e  d i s t r i . b u t e d  p h a s e  s h i f t  
problem i s  cornplt t tely e l i m i n a t e d  by usiny,  s u p e r c o n d u c t i n g  c a v i t i e s .  

W e  have  i n i t i a t e d  a n  e x p e r i m e n t a l  program a tner l  a t  demoris t ra t i i - lg  
t h i s  new t e c h n i q u e .  W e  a r e  modifyi .ng an e x i s t i n g  ces ium bean1 t u h e  t.o 
o p e r a t e  witl-i  his n e w  c a v i . t y  s t r u c t u r e  and a c o m p a t i b l e  e l t t c t r o l l i c  
sys t em a l o n g  t h c  p r i n c i p l e s  d e p i c t e d  i n  P i g .  3. 
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QUESTIONS AND ANSWERS 

DR. VICTOR REINHARDT, NASA Goddard Space F l igh t  Center: 

What does the  asymmetry in the  ve loci ty  d i s t r i b u t i o n  do t o  t h i s ,  
and a l s o  w h a t  happens t o  your frequency s t a b i l i t y  versus averaging 
time due t o  the f a c t  t h a t  you now have e f f e c t i v e l y  a  smaller  l i n e  
Q? 

DR. HELLWIG: 

A smaller  l i n e  Q ,  as  most of you know, e f f e c t s  short-term s t a b i l i t y .  
And a  f a c t o r  of two in  l i n e  Q means t h a t  you need a f a c t o r  of four 
more atoms t o  compensate f o r  t h a t ,  I think we h a v ~  t h a t  leeway in 
most tubes, I t  i s  not a  big s a c r i f i c e .  I t  i s  less than the  d i f -  
ference ,  say ,  between so-cal led standard tubes and super tubes 
r i g h t  now. 

I d i d n ' t  q u i t e  understand your f i r s t  question--asymmetry and 
ve loc i ty  d i s t r i b u t i o n ?  

DR. REINHARDT: 

In your previous s l i d e ,  you've shown t h a t  some o f  the  ve loci ty  
d i s t r i b u t i o n s  coming out  of some of the  beam tubes have had double 
humps. A t  f i r s t  glance,  i t  would seem t h a t  t h a t  nice p ic tu re  with 
the  n ice  envelope could possibly be an asymmetrical one which might 
lead t o  some frequency s h i f t s  in t h a t  case? 

DR. HELLWIG: 

No, i t  wi l l  n o t .  The asymmetries in the  ve loci ty  d i s t r i b u t i o n  wi l l  
not cause asymmetries in the envelope a t  a l l ,  except f o r  the  second- 
order  Doppler e f f e c t ,  which you know i s  a basic asymmetry t o  t h a t  
pa t tern  anyway. With a l l  present-day tubes ,  i t  i s  of the  order  of 
10-13 or even l e s s ,  because of the  very heavy low-velocity se lec t ion  
we a r e  enter ing .  So t h a t  i s  not a  l imi ta t ion .  

To j u s t  comment one s t ep  f u r t h e r ,  i f  you r e a l l y  want t o  apply t h a t  
p r inc ip le  t o  so-cal led primary standard laboratory-type devices,  
and you r e a l l y  want t o  push t o  1  p a r t  in 1014 in  accuracy, then you 
have t o  watch those. I f  you use beam reversal  , i t  a1 lows you t o  
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reduce  an absolute knowledge o f  t h e  v e l o c i t y  d i s t r i b u t i o n s  t o  a  
sy1nrrletr.y argumerit .  If you have h a s i c a l  l y  s i l l l i  l a r  v e l o c i t y  d i s t r i  - 
b u t i o n s  w i t h  t h e  two beams' d i r e c t i o n s ,  you a r e  sa fe  as f a r  as t h e  
s o - c a l l e d  d i s t r i b u t e d  c a v i t y  phdse s h i f t  i s  concerned,  wh ich  i s  
s t i l l  a l i m i t a t i o n .  

MR. ANDREW C H I ,  NASA Goddard Space F l i g h t  Cen te r :  

The c a v i t y  phase s h i f t  o f  a ces i un i  bean) t u b e  has a v e r y  g r a d u a l  and 
s l o w  change, wh ich  w i l l  s t a y  p u t  f o r  a l o n g  t i m e  b e f o r e  you  can 
observe  i t  c o n t i n u o u s l y .  What is t h e  r e l a t i v e  g a i n  when you  d o n ' t  
s h i f t  t h e  phase con~pared t o  when you do s h i f t  c a v i t y  phase? A l s o ,  
when you t r y  t o  do t h a t ,  car1 you a l s o  c o n t r o l  t h e  r e l a t i v e  a m p l i t u d e  
o f  t h e  s i d e  peak o f  t he  Raniscy ipesnnance as a way t o  c o n t r o l  i t s  
synirne t r y ?  

DR. HELLWIG: 

I d i d n ' t  q u i t e  g e t  t h e  second q u e s t i o n .  The f i r s t  q u e s t i o n  was, 
what  do you  r e a l l y  g a i n  by  h a v i n g  r a p i d l y  chanq ing  phase s h i f t s  
ve rsus  t h e  r a t h e r  s t e d d y  and h a r d l y  v a r y i n g  phase s h i f t  w h i c h  i s  
p r e s e n t  i n  p r e s e n t - d a y  t u b e s ?  

F i r s t  O F  a l l ,  t h e  two an in ia ls  a r e  q u i t e  d i f f e r e n t .  W i t h  t h e  c a v i t y  
phase s h i f t  b u i  I t  i n t o  t h e  R a ~ i i ~ e y - t y p e  c a v i t i e s ,  you have a t h i n g  
wh ich  causes you  t o  be s e n ~ i  t i v e  a q a i n ~ t  o t h e r  parameter  v a r i a t i o n s .  
I agrpe  w i t h  you  t h a t  t h e  phase s h i f t  i t s e l f  d o ~ s n ' t  v a r y  much, b u t  
i t  r~iakes you,  f o r  example, microwave power s e n s i t i v e .  I t  makes you  
s e n s i  t i v c  a g a i n s t  o t h e r  t h i n g s  t r a j e c t o r y  l o c a t i o n  e f f e c t s  and 
bea~rl geometry e f f e c t s  under  a c c e l e r a t i o n .  These t h i n g s  t r a n s d u c e  
v i a  a  f i n i t e ,  even t o t a l l y  c o n s t a n t ,  c a v i t y  phase s h i f t .  And t h e  
e l e c t r o n i c  c a v i t y  phase s h i f t  wh ich  we a r e  i n t r o d u c i n g  c e r t a i n l y  i s  
v a r y i n g .  I j u s t  used t h a t  i l l u s t r a t i o n  as  an example. The r e s o n a n t  
spec t rum o f  such a  t ube  wou ld  be q u i t e  d i f f e r e n t .  You w i l l  have no 
r e s i d u a l  b i a s e s  if you have t h p  f r e q u e n c i e s  .1 a n d  the  s idebands 32 
symmetr ic .  Now, t h e r e  is an easy  way t o  do t h a t :  You c r e a t e  ~2 b y  
h a v i n g  s idebands on 1 ,  m d i t  i s  a s  symmetr ic  as yo i l  want  i t .  

DR* JACQUCS V A N I E R ,  Lava1 U n i v e r s i t y  : 

I d i d  n o t  q u i t e  unde rs tand  t h i s  d i s t r i b u t i o n .  I s  i t  n o t  conling o u t  
t o  be t h e  sanie t h i n y  as i f  you  had s i r r lp ly  one c a v i t y  a f t e r  a l l ?  
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DR. HELLWIG: 

Your question re1 a tes  back t o  why a Ramsey cavi ty i s  used. I t  i s  
not equivalent because in a s ing le  cav i ty ,  you would have t ravel ing 
waves going along the beam a x i s .  The primary l imi ta t ion of using a 
s ing le  cavity of a s imi lar  length i s  t h a t  you have residual losses 
and phase var ia t ions  due to  imperfections. You r ea l l y  have t ravel ing 
waves along the whole in teract ion region which cause w i l d  f i r s t -  
order Doppler e f fec t s .  In f a c t ,  people have t r i e d  t o  build such 
things.  They typical ly  show par ts  in 1010 o f f s e t s  because of them. 
This i s  the main advantage of two separate in teract ion regions. 
Additional advantages a re  the same whether you have i t  connected 
coherently o r  separately -- the averaging between the two regions 
as f a r  as magnetic f i e l d s  a re  concerned, f o r  example. You a re  only 
s ens i t i ve  t o  the average. Same here. I t  doesn ' t  change. 
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