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where 1 a E l  are  the energy of the t ~ m  levcls involvcd and h i s  

atoni i c resonancc -for prod~~cing  an harmonic mot ion arc  : 

3)  The enerjy difference 31: = E 2 -E 1 giving r i s e  to  v o i s  primari- 

1 y a function o r  ri-elds i ~ ~ t c r n a l  t o  tile atoms md, within some spec i -  

f i c  conditions and 1 i m i t ~  i s  only s l ight ly  affectcd by cxternal f ie lds  I 
well controlled arlcl calculated, and corrections can he :xppl led to  the 

frcci~~ency observed experimentally. $%en the cor rec t ims  are  well 

known, one can retrace back from the f rciluency measured t o  the actuirl reso- 

nance frequency v O F  the frce aton1 at rcs t .  This con~~clern t ion  i s  
0 

dc f irled ns the c~unul a t  ive uncertainty 011 the frcquency correct I 011s wrii ch 

must applied to  rhc ohservcil frequency in order to  obtain the t ransi-  

t ion fretlucncy of the Free atom a t  r e s t ,  divided hy the nominal frequen- 

n~nnl,crs givc the h i ~ h c s t  accuracy. 

1)) Ihrith sonre cnsenlbles oC atoms it is possible to  obtain vcry narrow 

rcsoiinnce l incs .  This i s  in fact  re lated t o  the actual l i f e  time of 
I 1 . . .  . : , , , , 'mp l n n p p r  t.hc l ifetime of the 

atorns, the narrower the resonance is and one clerlnes a 1 1 1 1 ~  q u i i ~ l c y  

fa(-tnr as 

where A v is  the width of resonance l ine .  Although, in principle t h c  

lifctirrle of atoms in a gjvcn s t a t e  may he ycars, Ln practice the sinrplc 

proccss of probing the resonance l imi ts  t h i s  l i re t ime and a compromise 

must be made between signal r-tmnplitudc and 1inm~it l . t l~.  Furthermore, as 





a t  a givcn nominal frequency of ,  say, 10 MHz t o  represent as wcll as 

possible the clmracteri st  ics of thc atonli c resonance 1 i ne. I t  thus 

nmo~nrx~ to a question of locking n frequency generxtor, generally a 

c l ~ n r t z  osc i l la tor  t o  the atorrijc resonancc l ine.  This car1 he clorlc i n  

the two modes i l l u s t r a t ed  in f i~u1.e  1. In the active Inorlc, the atomic 

ensernblc, well prepared i n  a fiiverl s t a t e ,  emits energy at i t s  resonancc 

fr'eclucncy. The q m r t z  osc i l la tor  is locked i n  phase to the coherent 

s  igrlal errl i t t ed  by tllc atomic en?cml3le; orlc has what is called a p11~se 

lock loop. In the pass ive lilode, the ensenibl c of atoms lilso wcll prepn- 

rcd in 3 given s t a t c  is questionncd o r  interrogated with m s i c ~ ~ a l  dcri-- 

vsd from thc crys ta l  osc i l la tor  ns t o  wl~at its frequency i s ;  wr tl-icn 

llave :-I Irctluency loclc loop. 1:iplres 2 :n~d 3 ::ive more dc tn i l s  on thc 
two approaches. 

rrom f i p r e  1, it i s  seen tha t  one must consider a s  essen- 

t i a l  processes: a) tlic choice of  the atomic cnscml~le, b) i t s  sto- 

rnqe, c )  i t s  preparation, (1) its interrogation ~rlil C)  Tile d ~ t c c -  

ti011 of the atomic si qnal. 'Illesr points hzve heen discussed in some 

cletails hy seve r ,~ l  aut11or.s i n  varjous ways. ('3, I n ) .  I t  i s  c lear  thit 

tile IIrocesscs are  not complctlv independent and that intcract  ion CXJ 

exis t  hetwcen tllenl. For exernple the choice of thc atomic cnsemhle is 

dictizted by pract ical  considerations such 2s o1)tninirlg a decent vwor 

pressurc a t  a nlocleratc teinper~iture, the posG11ility of storing it in 

sornc enclosure or  forming a h e m  of these atoms. 

:L) Clloicc oT the atomic ensembles: AS agcncral rrulc and aclded to c o ~ l s  

t r a i ~ l t s  oi: p rac t ica l i ty ,  thc A l i  of the atomic enselrll2lc chosen shoulcl 

1,e afFectcd a s  l i t t l e  LIS possihle hy cxter'nal force Fieltis and hy the 

experir~ientnl s e t  o p  uscil t o  Jetcct  the resonance. Another cons i dera- 

t ion,  of course, is  n l  so that the lint width should nor 1 3 s  a f Fcctccl t o  

a too great extent by the snmr mechcmisms ussd to  cletect t l ~ c  resonnncc?. 
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~ Tor tlie 1)u~pose o f  the tli scussion i t  is best t o  lrxj l \  a t  tllc rcc1rlir.ement.c;1ts 

i ie tcc t ior~ is not tot) [ l i f f i i -u l t  arid t1l:-lt it i - : -~ r~  h r  i l ~ w l  fo?. rou, ,rn,>1~1 c , , ~  

i I for : I  i I i t c  s 1 1  ')!' c c ~ ~ i ~ s e ,  f rcclr len- 

cy st.;-il~c;lrlr& csist :il- l-cr). lii;l,li t7rc..c!~icni:-it..; f ~ t n l ~ i l - i : ~ t l  Inscr-5). Ilo~t~c- 

v c ~ .  t.2lc.i~ siy1:l.l frc.clur:~~c?, c:i~lllot l~ p~.ocessctl a5 er -~s i ly  ns  j11 the  case 

o f ]>a s i c  stnntlartls i n  the r~~icro\i:n;r 1'c,yiol-1. 'l'llcsr st:~~ldni-tls e.xis t a s  ;-i 

~1:~s:; :~lmost: 1 ) ) ~  t:l~er~lselvcs arlii unt i 1 , rc.l-i:~blc, 1(?\', cos t ,  loas corri~~lesi - 

t y  ! i y ~ l t h c ~  i -5 tccln-iiquc.:; :.IT.? delrel opcti t ! i ~ . v  \\.ill st3.y I 1l:l t r l r ~ ~ .  T l ~ i f ;  

r~d~cr'e the  storxgv p r i n c i ~ ~ l i -  - i r ;  ;I 1,111~1 i..: usctl, o thcr  r.c:c~~~-iw.en~cnts ;7.1-1' 

i o ~ ,  atomic j)olarizal~i.l . i t ;r ,  i n  order th:it 1113oll roll is-i-(111:; 1 nllrl. 

Arc' l i n t  nl tcrecj too d v a s t  ic;il 1 )-, ;I;. 1,-ell a:; ~1)scrlce af r.c;lction I,<-i-t.h 

i .; ~ 1 ~ t 7 d .  f~11' 17;1:-ticlc detect: i (,:I. J!? 1:ilc ot l icl-  1i;irl.c-1 i.!' -:c.i ect i l -c oy)t-i.cal 

:~bsol-pti.on i s  used t n  detect  ;:il? s t a t c  (3 I' t h e  e n ~ i : : ~ ~ l ? i . ~ ~ .  tllc t ~ . :~ms i t  inr~ 

stat(? '5 tini; 1i:iic IIL)  ;.i~~:!icI-ii i:!ol!lcnt, h:i~-c irp hl,cr.I-;ny s t l l l c tuyc  
D ' 

~ m d  tl.0 not posscss :-I rc~t~ii:i.~lcc i'rc-clr 1(:1:c?~ i:: the n~izr-o:\:ti-c. ~-;inqc :\ ili.i.11 



i s  a range of frequencies easi ly  t reated with present trclmolo~v. On 

the other hand, Irlyclrof~en 2nd a l k a l i  atoms (Li, K, V:I, Tlb, Cs, Pr) havc 
2 

a S,. grouncl s t a t e  and thus have a strong miqnetic moment. Their 
2 

hrpcrfine frequency i s  in a usefull  range where nresent day technolofiy 

I permits easy experimental signal process ing . However they are  f a r  from 

l~eing chemically iner t .  A cornpromise i s  thus made. They are  ei thcr 

used as a beax or under the form of R vapor prcssnre contained in  an 

enclosure coated i~ l t e rna l ly  with :in inert  f i l r v  or imheilded in an iner t 

~ ~ ~ s c o u s  matrix such as a huffer gas. The atoms that  havc heen nost 

TI, R l ~ ,  and C s .  Presently they Tom the core of thc most doc~nvcnted 

atomic Frcquency standards. They have hccn used in  different  types of 

arrmpcmcnts e i thcr  act ive or  passivc. Unfortunatly the i r  frequcncy 

ckpencls cluitc :I l o t  nn the m o , ~ ~ e t i c  f i e l d  p r ~ s c r ~ t  <u~rl scriouq nrccnll- 
t ions must be taken t o  shicld these atomic ensembles from environment:>l 

fluc tuat i ons . 

O f  course other atoms o r  molecules havc hccn used for  frc-. 

quency sta~lclards applications or  have heen t r ied.  For e x ~ ~ ~ m l e  VI and 
3 

?'a have interesting c h a r a c t e r i s ~ i c s  and havc been uscd for  implemen- 

tirlg par t icular  Frequency standards. These w i l l  he discussecl below. 

Other atoms havc also been proposed and are  presently mder investijia- 

t ion. These are ,  ITg, Ca, A,q, Ga, Hg, R i  and others. IIowevcr the 

tl part icular  case and must be discussed on an individual basis.  For 

frequency standard app l j cn t io~ i~ ,  they generally suffer  from one of thc 

requirements mentione(1 above: generally it is the frequency which i 7 

not i n  a usefull  range. Somc other atoms suffer  from the s i ~ n a l  dctec- 

t ion point of view. I-lowevcr, t h i s  is rclated t o  the actual exprimen- 

t31 technique used. 





lirni ted mostly by ccllli s ion -r,roccsses w i t h  the l,uf rer ?as. 

- Storage through d r i f t  i n  n heam. 

In t h i s  case the storage region i s  the atomic benm xnd the interro- 

gatir~n or  ohsewation of the atomic enscml~le is clonc :it very snec i - 
f ic regions in the path of the benm. A tynicnl cxarrlplc i s  the case 

o F thc I JrLyser in which the hcar:~ o C r~tolccul cs passes throul:h :I 

nlicrowave cavity tl11d elnits its ener,y irlsidc t h i s  s:unc cavity. 'l%e 

average storage time T i s  s imp1 y thc length L I T  the cavity divided 

hy t l ~ c  avcragc specd of the molocules. The 1 i ne w i clth i s thus o f  

the order 01 . Another typical example is  thc Cs henm ttdw 

whose obscrvat ion E s done a t  two clif Ferent reqio~ls of the benm r~tt.11 

i t 1  two microwave ca-iiities. Tn t h i s  casc although the ohservntion 

time in each region i s  short ,  the d r i f t  time I3e.twecn thc two regions 

j s of  fundmental irr~portance. If L is thc distance betwren thesc 

r e ~ i o n s  the ef rect ive t ilne of storagc i s  -L/, (v=az'oni c s p ~ c d ) .  1 t 

should he rcnlizcci that this tecl~niquc can he applied a t  any fre-  

cpucncjc< LIT-, t o  the vis ihlc .  Sincc t l ~ c  l i n c  width, V / T ~ ,  i s  in 

prillciple a const:alt for  R given L, the 1 i11e 0 jncrenses wit'i-1 

the rrequency. I t  i s  also c lear  tha t  t h i s  type of storage i s  the 

one that is closcst t o  that in which the atom j s  observed as  a "free 

 tom". Ilowever secondary ef fec ts  a re  nlw:~ys r~rescnt whicll affect  

e i ther  the s t a b i l i t y  or the accuracy o f  :i particular device. 

- Other storagc techniques. 

'1'her.t are  other storage,  techniclues possible l i kc  thosr used i n  icn 

t raps,  in which the ion j s kept i n  :L rcqion of spacc hy nltcrnat ing 

e l cc t r i c  f ic lds .  

Associntecl with storn:!e the ~rlnin c f fec ts  on rrcq~~ency ~ff'cctinr: 

s t  a l ~ i l i t y  or ;IccurnLcy c:~ll he, ro l l  is ion:; with the buffcr &::is or 1-he 





l'ne process of 17repnrat ion o r  s t a t e  sel cc t ion,  has i n  sornc 

cases pro Founcl i n f l  uencc on the  Frcc!uency of  the a tornic cnscml~lc . For 

ex:m?lc \dc !nay mention 1 ight  s l i i f t s  t h c  case o r  opt jcal pumping and 

crcntion of niagletic I i e l d  inhornogcneities i n  the  system where spa t i a l  

s t a t e  s e l ec t  inn i s  clone with mj:nets. 

d)  1 n t c r r o ~ : ~ t i o n  of t he  cnsemhle: In order t o  knol.~ the  ac tua l  ato- 

~rlic resonance frcqucncy, a s ignal r x t  t ha t  frequency is uscd, Tn thc  

cnsc o f  masers, :i signal i s  ge~~cr-:~teci inside the  device whicl3in a seliqe, 

in te r ro ly tes  i t q e l  f. l'hi s j s the  case of the  H, Rb 2nd M I  i!mscr's fo? 3 
cxarry,le. 1,asers r n l l  a150 i n  t h i s  c lass .  T t  shoultl h r  noted tlmt i n  

a l l  t'llcse cases t he  s ignal  i s  affcctcd ljy vnrio~ls ef rccts  ix~hercnt. to  

the process of erniss ion in the  resonalcc s t ruc ture  which is  necmsary 

To obtain act ion,  This is t he  so-called cavity null ing e f f ec t  

a r ~ d  it ;jfi'ccts both accuracy nncl stall i l i  t y .  

111 the cnsc o r  ~ a s s i v c  dc~rices  the  intcr.roqation of thc  

msenhlc is dorle a l so  :IT tllc r rsonmcc f r r lucr~cv.  'lhe ~ t o r n i c  resoriance 

s i p ~ n l  , however, is  observcd through  art icu la r  teclmiq~les whicll wi 11 

bc cli scussecl helot4 , However, here again thc  nroccss of ensemhle inter- 

rogxt ion has very pro Coulict ef rects  on t he  resonance s ignal .  T t  can 

a f fec t  i t s  f r c q ~ ~ c n c y  (5t:ll)ility o r  accuracy) throw$ Imsylrnetr i c:ll in- 

t c r r o ~ a t  ing spcct-r'un~, power' shj  f t  through an wlsyrrnnetr-ica 1 resorlarlce 

l i n c ,  a phase shi rt associated with ctlivity construct i o n  i l l  t hc  case of 

sel7nrntccl intew-rognt ing reg ions R X I C ~  c:~vity pull  in::. rile i ~ ~ t e r r o j ~ a t i  TI(: 

s ig11;11 uscd iriny a l so  causc broadenin:; of the  1 inc  wllich may ilecrexsc 

the  a h i l i t y  t o  find i t s  center ariil con~cclucnrly influence the  nccurac;r 

and stability of  thc system. 

c) IIetection: In t h c  case of masers, and sornc passive devices the  

s i c p a l  1-0 be detected is  i n  thc  microwave rnnr?e ancl nonsally :I 





'i.ivcl.ges Cl*o1:1 the :!xis. 'l'llus, rlto~n.; 7.11 ~t;~. t r  1: = 1 ;11?~1 111 I = 0 errtcr 

1-hc stor:Ipc I-,rlli> \/v;hicl.i -is cnntec! it1t:cr-1r3l.l~ 13ri.th tciil o n  : i r ~ t l  placcii i n -  

sjdc :] 11i.yIi c:lv-i t y .  :Il~erl ~ ! I c ~ ~ I : u ;  is strC)rl:; P J I O ~ I C . ~ ?  C ) S C ~  l 1 f l t ; . ~ ~ ~  

t.:~.kcs ~,1.:-icc :~rld the si.pla! i s  ohse-rved wit!) n sr~ir~ll lozl, insi.ric the cn- 

v i ty  c o u ~  1 ctl t.o a. scxpel-11cter.otlyle recci.ver.. 'Tlirns t!ic: r3r-eynrati tsn o f the 

st-:ites -i s :L s!>a.r.i n l  selection, t l lp  S~OI-:L!TC i s  401111 in :I co;lt(d. (I?-l  1 ;l11(1 

tllc i :~teu-~'o;:at i or] i s clorlc i r l  :I 171' ~-::r~~r~vc c:~vi.t.y (sc:L-f' osc i 1la.t i on) . ' 1 ' k  

ilctcct io l~  of thc signal is t-lonr \,:i.t-h r i  sul>er.hct.cro(ly~lr rYccivc?-r.. 

, ( , - 5 "  -1 
t , i i t l i  R fl ichPr. f l o o r  i7r.ohahlv \icl 1 17cl ohr f . r ts  rtahj1 i t v  

o [T ) in thc t i lw clo~~~ain is s!low11 ill r i  ryurr 7. Tile ch:lm-:lcter.i s t i  c s  

givrn ht.rc arb(,  tllosc of" thc mnser- i tsel  f. 'lhr s t n l > i l  i t y  i-; L i r l ~ i  t c d  l>v 

tenrpcr-nturc fl~xctua'ciorls throu?h cavity nulli~lg, 111:lplctic ficlci Slut- 

tlmtions, crfects  o f  lo:id f1uctu:lt inns on tlit: cavitv 71lninn a;xl hv the 

low power outnut wtlich lirrlits the sllort ter-rn st:ll~ilit!r. T t -  is I~cllie vccl 

1 t 1 0 )  . The tuning ;iccurncy thro~ngh cln(;si c n l  sp in excllxnjir 

1,roailnling i s  o F the order o T 2 icw lrnrts in 1 014 (17). 0 t h ~ ~  sccr~n- 

ilarv ei'rcc ts a r e  also prcstlnt, l ~ ~ l t  tliry can he cnlcul  ated or- n~cnsurccl 

t o  a prccis;inn t h a t  i s  not :I limitinrr f:~ctor (18, 1 7 ) .  

'lhe rlcv.ic.c j s not. ax~:l.j.:l.:~llle colmncrcj.:~.l Iy  hut: i.s S:xhrjcatc:t:l. 
I 
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1011:: I . : I ~ J ( > I * : L ~ O ~ Y  : : IOLIC~~ :IJI(] i 5 1 i c : ,  i t,-(] :)l. l ~ l ; ! ~ - ! ~ ~ ~ ~ ~ ~ ~  ;-i L.;il-j 7. ,,,, - 1,. . - I 1 , I <>L .> (.> 

-511.i r t  : I I ~ L ~  2 ~ l r d  (-3 r d ? ~ .  I)L)~I!-II (:\ 1 '  p f  r8.y :.y , 



I Tl~c ces i 1nn1 betun f  rec~~lcncy standn-r-(1 ex i s ts a s  n primary 

1 1:igur.e b shows a diagram nf the  pxssivc, o;,ti- 

hr-isic pr inciples  a rc  the followinq. Li$;ht f'r'om a r111,idirun 87 limp is 

r i l t e r cd  by a SO c a l l ~ d  tlyr,crfinc fi1tr.r nladc o r  a11 arnrloule cnntainjne 

1-1113 icl i urn 85 and 3 1mf f r r  Ens ~ u c h  a s  ~r-gon.  TI1 i s ;lrrxlqer,lent shapcs tlbe 

sl>ectrwu of  t he  1 igllt in s11c11 3 way that  a p o ~ u l n t i o l ~  inversion i s  oh- 

tairlecl in the  c e l l  which follows 3 r d  wl.zrich contains ~ . u l > i d i ~ n  87 and a 

bur rcr gas ,  This c c l l  bcco~nr~s trnnsparcnt through t h i s  opticl11 p ~ r n v ~ i n g  

cffect.. If it i s  cxl3osccl t o  radiat ion a t  the  proper rrcyuency, corrcs-  

poi?ding tn that  1\11 ich i s neccssnr*y t o  cxcj t c  tr :msit i  on? hetlvccn tllc 

s t a t e  l- = 3 ,  m = 0 :u1c1 l- = 2 ,  rn - 0 of the  g r o ~ u ~ d  s t a t e ,  t h i s  f r - 
same ccll bccomes naacluc L L ~ ~ I  i n  and t h i s  ef f-ect can be detectecl t h r o u ~ h  

n dccreasc in  l i e h t  in tens i ty  re:~ching the  qi l icon so l a r  c e l l  detector .  

'T'llus, i n  t h i s  prescnt case, storacrc is  clo~le i n  a c e l l  with rt lmffer gas ,  

l r~ tc r rognt  ion i s  dorlc in t h e  s:~mc rey ion, preparr-I t i on i s  accompl i shed 

thrmluh oi7t i ca l  nurm7ino xrlcl t hc  detcctiorl of t he  s i ~ n a l  is cionc with 

Th-i 5 opt ical  pr-l.ck~p,e i s uscil as A frcyuex~w disc-r imato-r  t o  

lock n  c rvs tn l  o s c i l l a t o r  t o  thc  rcsorlnnce frcqucncy . 'llle saecrrnl  I 



j r : i l  factor-s lim i tin2 its i t : i h - i  1; t). :we mn,yl~i>tic l:i c ld ,  Zlld 01-dn- Uo!);;l.rr 

ef fpcts,  I t l f f e r  ::as rm~l ligllt: shif ts  . 2 1 1  t:l~csc c f'i'ccts I ~ I R ! ~  v3r.v il-L 

1-imc deliend i in~ on tile nlriron:ic~ntnl c d i  t i 011s. i:urt?lpp,,ol-c, tlic7.y i 
generally 11 dri.f t  :~ssoci:~tctl \:it11 tllc nl1soll7tinll c e l l  i~,l:icli CJII 1 , ~ '  illle 

t o  :-I 1-cxTion oC - n l l ) j r l i ~ u ~ ~  \%it11 l-1l.e ;?lass of tllc cncl.(.)>;lu-s. :~ccu- 
T ; I ~ \ -  i) T t h i s  deii cc  i s  not co~-l!)etit i 1 . i  1.i t h  t 11.r t ~ i n  ln-cr ious stnnii;lrd+, 

.I11 t h i s  ~ ~ I : I . s ~ T  t:hc st:o~.r~cle i; :~c:rnnl~,l i 711r.ii t l ~ v o i ~ n h  7 i-7 1 I 

elect rostnt : ic  dcrlect ion. Tiltcr t,og:~t.in~~ is, -1 in t j l r  ]l>-J,.ooen ma scr ,  

ill 3 ca\'ity- 311~1 tile cletect i ; ) ~ ,  i .; ;-1077i7 \;i tl? I < i n , ~ , , l 1 i . + n i . r > , 4 ~ n , n  r \r \ , - - ,>  ; ..,,-- 

i t  1 I ,  . lhc nc~-:u~:zc\~ i :: 1 l , , : i t i . t , l  :,7 :;;l171!: \,;iluc 
-, - , 

17v "(31 1.j s.iorl.5 ? I ~ ~ I \ . C C I I  1iio1 cc.l.llc': -ill t!lc l,c-.:cn ((2) . ( I , ,  :~:YJI~ i :I ~;i:lscl- tl:ls 
pl-nyed a revy i ~ r i p o ~ ~ a n t .  role i n  the 11 i s t ~ r ) ~  o t l i c .  i ! c ~ - c i o ~ ~ ~ i ~ c ~ ~ t  o f prc- 
s e ~ i t l  y a.vai l.a.blc I:r'ecplcrlcv str-1nc1ax.d~. 

8 5 ' l ~ ~ e r s  llsi11~ c?iti.~cx. o-f t h e  trjo isotopes Rb or J?J> S 7 I 



13rjllcj l,les 1' opcmt: i o n  :l.r,c thp snrw l1.5 i n  tiic pa.ss ivc r c u . ,  1x11 

tlrc c:~vi t:v i s d(55 i (:net! t o  \ l : ~ ~ r c  ;I vr i ' v  higl~. c!~ril i :y 1 " : ~  t:nr arid s(' 1 F 

o.sc i 3 1 n . t  ion is n i ) t ; ~  i.~;cd.. 'Illus t . 1 ~  stol'a.rjc i.:; clo~lc in :I cel 1 wi th  u 

hl.:f f er ?,:-is , 1:he ~~-r-ct,nrclt i mi i?; clot-~t-. tllrouql~ npt.i.cal pwr!i, i 11~1, thc 

.i ntcrrogat ion is rrlaclc in 11. r:!icrn~zi:ive cnvi  t y  (scl nsci.lla t i n n )  , r-rnd 

thc tlctect.j.on i s  ciorrc: wi th  r-1 s~nperhet.crnclyri~ -r'ccciver'. '1'11~ I ~ ~ : I ~ T I  zcIvz11-- 

ta.ge o T the ru1.1 icli1u:l illascr i s  -i ts sirlr~l 1 size nncl i t r ;  I U I S I L ~ ~ > ~ . S S ~ < ~  S?ICX~ 

t c n ~  st:~l) i l i t y .  Ilowevc-.~. i t s  l o n ~  ten11 s tnh i l j  t y  is l i n r i  -t:cil. hy c;~v.it.y 

~)ullir . lg crfects :ulcl hy t:iic r;x?ie Tnctor's ns i l l  thc  pzssivc: n l l ? id i~n~ l  ):as 

1 . TIIC sliort. tcrm s t a l ~ i  1 i tv i 11 137-esctrt clcv-i ccs ,  i.s rlt?scrihecl l,y 

~ n t i  i t i 5 :,jot I:cl i pv(:~l th:~t the 1-1 ic lce~  floor' has hc:cn nbse~vcd yet. 

' I ' l i i y  devi cc 1qnr.k.i; essent ial ly  i.11 f !ic :;:lr71e ~.i:.y ;is tllc Cs 

1~cn:ri tu l~c ,  -t:hc ori.ly cl iffercrice I,c i 1:s thc  r.,t.orn used. ;tntl tl-lc: Cr.c-qucncy 
. . 

involvecl.. 'I'lie :]lain 13-rohlcm ln i t s  real iza-tj on 113.5 1)cc:n u. c1ctcct.io1.1 

r 'Ille :tdvnnta.gc over Cs woulcl he a low rria;:r!ctic f itxld sc:isit:i - 

vitv.  No work i s  r)rcsent.ly' 1,c.i~l.y done 011 the device. 

'lhe i n p l r n e t t i o  that has bccn st~lcliccl in solnc clctail i >  

s!~oml i n  f ig~xr.c 9. 1 lcrc tlic only d i Ffererlce f r n l n  the ccsi~nn ljcain 1s 

thc methoti of 1,rcpar:ltinn auld of  detcctioil. '1111s is clone through o~j -  

t i c a l  p ~ ~ i n p i n ~ .  !he adv:~nt:~jic of  t h i s  itlctllod ovcr. the ir~n~~liet ic select inn  

c o l ~ l d  I)c the ronlizmt ion of a het tc r  horrlc)j;cneity o f  velocities 

:lccross the 1,cnm. Tli  i s could make cnvi t y phase sh i f t  cvnluat i nrl nlorc 





Proposed a tonx c freqacncy stanclarcls. 

Sever-a l other xtorni c Yrequerlc y s ta11d:~rYis llavc been proposed. 

'lllcir principal physic:~l c l~arnc ter i s t ics  a re  shorn in  table 3. 

C s  -------- rua~cr (53, 54) 

711 is devicc worlts on the srme r 7 r  incipl es a s  the 917 rnnscl-. 

1 igurc 8 i n  which n l l > r c l i ~ n n  i s  replr~cccl hy ccsiua 3 n ~ l  ics i n  rlrinciplc. 

Tlle nln in advantase \ au ld  l,c i t s  qood s110r-t term still) i 1 i t y  due To i t s  cx- 

pec tccl high nower 01 ltnut . 

I! -------+---- bcnm tuhc LSS,-,5h] -- ------ and 2~-Le;nr1 ----------- (Isvice i?Zl. 

l l e s c  deviccy ~torlc ~7 the s:~irle p r inc i l j l c~  R S  tlic ( : s  : I T ~  

T P  bcmi tuhes. I t  is not evitlcnr tliat there t lcfinitc,  theor i t  i - 

c31 or 11ractic37 adva l~ tn~es  i n  the nronosed clcviccs. 

( :s _ _ _ _ _ - _ _  c e l l  lopt ical ly  _ _-___- _ p~mpcdl _ _  _- (58, 59, 60, 61) 

1"ni s devicc works oil the same pr inciplcs ;LS the It17 passive 

jins ce l l .  Tl~c nln i r l  nclv,mtagc ~muld  l i e  111 the wcnh interactiorl of  ('s 

w l t l l  ):lass, proba1,ly irrq,rovin~ l o n ~  tcrm s t ab i l  ity. Howcver a 1x11 ky 

hyj>erfinc f i l t e r  ]nust hc used t o  f i l t e r  tile lip,ht fo r  e f f ic ien t  ont i -  

c:~ 1 pumping . 

This proposxl i s  btlsccl on temporal sTate selection in a 

herun. hlnpnesium and cnlci~uu show a mct:lsl.~hle 3 ~ 1  level with f i n c  
3 structure.  ?he r s ta tes  arc po~~~l l a t c t l  thr-oln,~!~ e lec t  rot1 co l l  i sions 

3 ancl a 1,cnnl i s  fon~rctl. The P levcl then dccnv to  tllc gro~~ncl st:iTc 
1 

hy emitting v is ib le  l igh t  with a l i fe t ime or  the order of 1 m s .  A 



i11b11l~illimeter ~ ~ ~ : - ~ v e l e n ~ I l t  r a d i a t i o l ~  excitillg t?le 3 
3 Po t o  

I'l,  f o r  instance,  rep1 en i shes tlic 'I! l c ~ ~ e l  . I ts  dccav t o  tile ground .I 
s t n t c  gj.vc.5 3.11 aililc"i1 ri'l i ssi(nr! of 1 i . $ i t  1i11 i c.11 ;il lo\\.:: 1.117 J~f . e i l t  i011 of: 

tile t r n i ~ i i t i o n .  111~  r'iai I: adl-a~l t:iqc i,;ould ~ ' ( . ~ i i l i .  i l l  :-I r-(>T-\- 11 i yh 1 i lie r ) ,  
d ~ ~ c  til thc  lonp 1 i f r t  i ryie i 1 :md I 1 I i:r-er~~:enc) o f  t11(> t I-:.LH:<:.- 

ti 011. ',l;.~,jor ! ~ ~ ~ u l h I . e ~ ~ ~ . ~  7:e.q i i : - I ) ?  ;?CIIVT:I t i 0 1 1  (I-< 1 1 1 ~  ~ 1 1 1 ~ r ~ 1 - i  11 iro(ltrc 
1ci11e f o r  it~t.err(~:y:~.t ill!; thc  . ; , ~ - , 5 0 1 1 ~ 3 1 1 ~ : ~ .  

'Illis de\ricc is 1,asrd on the s torapc  o f  iolis i n  r-I  t r ap  

formed no11 u~lifonn 21 t:crni3ti1lr: c lc i - t r i  c iCiei ti: \ < i  t11out tllc nccd 

o f  ;iny n:3r)l.iecl i:i:i:y~netic ficl-rl:. 1 -h~ .  stot,c;l. ion.; cln :liit c ~ l l i c l ~  \:it11 

~111)~ -51.11--faccxs and -i;t.ol';~ye t ilvlc: Ini~!:t:~- tl1:111 se~-i:i.;il 1:orns l1:ii-e 13r.clrl 1-(7- 

~ ~ o r t c d  f(nr suff ici ~ ~ l t l , ~ ,  .I.OIC l ~ : i ~ . l i ~ , ~ ~ ~ 1 ~ l d  JII 'CSS~ITCS. I Y t h y  sto~.ecl -ions 

I on, ~r~terr 'o ,ynt . ion t~.nd c1etcct:-iion i n t h r  sr-unc \ i l r r \T ns in  convci~tion;il 

prec 1 Sely rneas1.lrcd r-111il t he  i;our-ccs o f frpc.!uenc\. o f rSe t s  annlysed (65). 

ITo~ic?l~er 1 i yllt ions h;iyc? r-1. 1 tll-r!c .sec-o~li] o-rc!.i.1- I ) ( - I I ~ ~ I I  P7- 1 - l ' r l r l 1 1 ~ l > i - 1 -  ~ 1 ,  ; I-+ I 

a t  40. 5 (<I 1: is thils ~ lc tecte i l  13:- tlie cllri~lqe i l l  t ] lc i . : l tcl ls i t \~ of t l l c  rc-- 

son;ulce f luarcscc~lce.  ( h e  rwin d i  t'fi cu l t?  i n  t1li.i teclmi(joe i,y.yidc5 

i.n the  lo\< siymnl t o  noisc r a t i o  a\-a i lnhlc  drlr t o  thc lox i o ~ l  densi ty  

a . t  wllicll t h e  trap opcratcs.  



'I'Eie b a s  i c iden lw11i;lvl the  oprw.:r t" ion o l' Ihi s cicvicc is t l l ~  

s:u~lt. ns  ill the o p ~ r : i l  in11 of t i i ~  hydrogen mxer, rxccp: 2-113 t it i s o~)c--  

the :I toms ..;to-t*cd .i.n ;L cnn teil 171.tlj) 3.11~-1 the e f f i ? ~  t of t l i c  ;i[:c-~!n.i~ t.:.;ins i - 

t inns (HI the i n t . e r ~ ~ r o ~ ~ ; ~ t  i nn si ~v-121 i s  used t o  1oc:k r j  c ry s t a l  nsc i I I n  t o r '  

t o  t . 1 ~  :I t a n  i c I-esonanc-e. 1.11 onc ver-.s ion, thc 1>1o<11tl n t ion  trchni  (ji~c u.;c-~l 

:is one i 11 11~1li c l ~  -the i ntcns i t v  o l' t h e  1)ealil i 5 ,ll-2-cr'ccl . c'J-t!ie~-\\~i i;r the? 

system war-hs it1 :I. W:-IY r; i v i i l n  r to r-,;i? s:i.vc t:~.cc.l~rer.~cy .;tr~.r;dnrcl>; . '!'I-I~: IKI i I; 

:iclvr~.rttar;c .i !; the? ret11.lct ion (1 T the r Ffecl: of  cn?ii-ty nrnlli.ng tli.rc:~xr:h tl!? 

possj 11 i 1 i t y  o - F  11s-i nj; v ~ - r > ~  10!2 '  0 C;IV it ies s lrlcc t?lc osc i Il:~t -ion c:or~?i  i - 

ti or1 docs 11r111: K I F . C \ ~  t ( 7  I-IC 5a.t.i s Tied. I Towcver the vrr-~.l'! shi-St. .;)rohlans 

-r.c.:mnin.; : m c - l  slloult-l l)c t.11~ !~r i r~ci l , r -~l  1 i m i t  :.o the  ;lccur-:ic'y oj' tllc clevicc. 

1 1 "  st:-1n.dr1r.d :lnd i~ 11a.sec-l on OIIC of t:hc oldc.;t ';(!(:;-IS. tTcl >;t~.l-~jlc i.s clonc 

in a. ccl.1 mtd the Cull 1:)oj~j~l cr 1;road.enrcI :3hsomt ion 1 -i ilc is -i ntcrPo;:fi-- 

l e v , c l  s . Tt ic microw;-ive :~l)t;orl~ti.on i.s tlctected througf~ stnni1a.r-(1 tccli~:-i .- 

clues and a crystal osc-i j.la.t.orb i s loclcecl. t.o tllc atorrlic resoila.nce sir_rr inl ,  
- c) 

'l'he a.ccurbl-~cy is low (-1.0 ' ) nilci 1-.he st.al-1 i 1. i . t r  :i.s ,pive~l h v  





s t n b i l i t  y merit i ormed Incrc i s  riot collznlon lr-lboratory J?~" ;Lc~ i C C .  C3 rr 

slloulcl be takcrl i n  tllc tr'rmsfcr of t h i s  kirlcl of s tn1) i l i ty  tn  c l ~ ~ ~ r t z  

crystal osc i l l a to r s .  T t  appea rs th r~  t one inust he ext rc~ncly caut ious 

ahout t ime vary?nv; plx~sc s h i f t ?  heing j;cner.;ltcd in thc  clrtect ion com- 

ponents, However i T  i < not unlikely tha t  1llrougI-r l x t t e r  cavi t v  cles i r:rl 

;uld rnagxet i c  shicl  ding ruld t l ~ r o u d l  i_l~q?r,ovcd dctcct  ion qyste~ns :i f l j  ckthr  
-15 rlnor helow the  1 0  lcvcl  would he ol~served. Tllc laboratory Cs bexz 

-14 tube llns r'encl~ccl n levcl  nf flicker f loor  of the  order 01' 7 r 10 . 
Tn the  short  ter-rll region, l l r t t e r  s t n h i l  i tv coulcl he :IL-11 i cvecl 1. i t11 more 

irilensc heam but: t h i s  co~lld. afCcct thc l i f e t  inc of thc  device. 

711e accuracy o f  thc  hydrojien t7i,rlsel' i s  s t i l l  I imited a t  the 
-1 2 time o r  ~m- j  t i ~ l ~  by the  wall s h i f t ,  t o  ahout 2 x 10 . 'l'llis i s  two 

orders of mqnitlxclc worse thnn anv other unccrtai i l t ics re la ted ,  for' 

exerrlplc, t o  the vlrirvctic ficllcl cletcrminat ion or' cav i ty  tunin?. T t  i s  

r lnt  poqsihle a t  t h i s  t irllc t o  tcll ex :~c t lv  \ h a t  I~i~lcl of im)rovement we 

c:ln hopc fo r .  llowever the re  i 5 intensive ~corlc bcinq ~lorle on w111 coa- 

t in:> and. bulbs with var iab le  geornctries. I t  appears that  operatio11 at 

a ternpcrature close t o  t he  point  where the  wall s h i f t  goes t o  zero rnay 

1,c a proper avenue of research. 'I'he accuracy o-C the  lahora-tory cesillm 
-13 benmdev icehaspassed thc10  leve l .  71ne1nninurlccrt:~intics:u'e 

or iginnt  irlg i n  t h e  mx:;netic f i e ld  mid the  cavi ty  phase s h i f t s .  (he  

probl cm l i e s  on the  non-uniform c1istw.i hutiori of ve loc i t i es  across 

tlle l,e:~m. l 'h is  makes the actual  evaluation of The cavi ty  phase sh i f t  

diff ' icult .  I t  is possjl)lc t ha t  through hornoj:encous s t a t e  preparnt ion 

a b c t t e r  evaluation of tllc cavi ty  phase slli f t  could he clone. People 

working in tlli s f i c l d  hclieve t ha t  an accuracy of 1 x 10-l4 can cffec- 

t i v c l y  be achievetl. 'I'l~cse comlents a r e  r;unmarized in t a l ~ l r  4 alony 

w i  tli some nroi ect ions  on the  r ~ ~ l > i d i ~ m  gas c e l l  clcvice. Tllc nurn1,ers - L I ~  

c i r c l e s  a r e  the author ' s  evaluation o the  poss i h i l i  t y  tha t  the proj  ec- 

t i on  w i l l  be rcalizccl. O mcnninr. 110 confidence :IT 311 and 5 meaning 



c e r t a i ~ l t y .  This evr-ilua.tiori i s  b:~secl 011 man!. int:~ngiijlc -factors and i.s 

cnt  i r e l ) ~  subject  i.\re. 

Weight and s i z e :  Vlc 1n.d l-or:c>n r;l;i.;el- hi1.5 txcn l.ecl~~iclti cnr~sidcr :~l~I  y i n  

t ion  colrl d bc rec~l izcd 1-y irsiriy cc~x-i l:i e s  i n  the  Ell1 i!~orlc (80) . Pre- 

sent s ta te  of the a r t  rIL;Iscrs OCCLIIIV R vnllmc of the  01-cler o r  100 1j . tcrs  

and weigh 45 kg. i n  the case o T co~illncrcinl cesi~ml h e l u ~  frcijuency stall- 

furtlier improt-enlent Arc ;liiscil~:lc i l l  t he  l7i.el~I ( ~ f  ? x ~ ! ; s i ~ ~ c  ~+~~ l~ i . c l i~un  .fr(l- 

quency s tnndard s. 'lhc opt  i ca.1 n:tc ka qc i s ~a i ~ l i ~ l r ;  171c)re a.nc1 rno7.e i t i  s iiv- 

? l i c i  t y  x t ~ l  the  use o I' inte:mtcri ei I -cui ts  :111d milem techrlolocy has 

n~-lclc possi.hle real gain in size. ;It present, 1rtli.ts 2 l i t e r s  in  v o l ~ u ~ ~ e  

Tile other deiiscs o r  tecluli(jiles x\hich :ippear nioit p ro~~ , i s i~ , j :  

a r e  the  11ydroi:cn bean dex- i cc , tl1.r ion storax(+ teclulic!~l~,  t hil m a g ~ i e s i ~ ~ r ~  

bc;m device and a t o r ~ l i ~  heam 5 t i ~ l ) i  1 i zed I a se r s  ilsini. ont i c a l  Ralnsey reso- 

nnnce tcclxliques . 'I'lie hydrogcri h e m  storage tcchni (![re has 13-roven t o  bc: 

feasable and r e y r t s  on i t s  s t n l ,  i l i t y  m.e 111os t ci lcoura~inp,  'lhe tecll- 

11-iclue r t 7 i l l  a l so  a1 1orv an e:isier :l?tenni nation of  the  1i3ll s h i f t  t11o.n 

i n  an ~ c t u t l l  maser. T ~ c  ion s t ~ r ; ~ c : r  tecll~~ic!~li '  113s :TI;IJC SOIIIC r)r*oqrest; 

but it ;~]jpear.; tha t  5el- ic7~l.s pl'i;!,l cr'i.5 a rc  5 t i  l? ~l-ico,.u:tc.-:.~.d ;it. tjlc S i ' i .  

level  . bark i s  i 11 nro!~res.< I:G so l  l~tl t11-j.s I ~ T o ! ; ]  c:': ((SI:; . t ] l~ l  c;.~se 

o T the  i!i:qqiesiu~~ heaa1 111-opos:il, t he  prnblem o l' ; : ~ . n ~ m t  i : I I ~  intcr.ro- 
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F i ~ t x r c  7. Time doma i JI frecl~~cncy s t a h i l  i t y  o I' t h e  t l l r ~ e  t radi t ionril fre-- 

cl~lcncy standards : I1 maser, C s  he:u!l frequency stnnd2rd ar~cl 

passjve Rh jias c e l l .  'I'lic s t a b i l i t y  of  the  ncthanc s tabi l ize t l  

l a s e r  i s a l s o  shown Sor compa ri son. 

i r e  8.  Scher!mtic c l i ~ ~ ~ a r n  o r  t he  op t i c a l  packnj~c of the Rl> maser. 

TI1 is i s  sirn i 1 a r  t o  t h c  dirigranl 0-1' f i~urc 0 cxcept f o r  the  

cletcction of the rcsorlrlnce s ignal .  Ilere the  cav i ty  Q is  

fligll e~louzh t o  j~cnnjr  nsc i l l a t  ion arlcl tllc s ignal  is detccted 

r t~i  t11 li supcrheterorlyrle rcce  i ver , 

Figure 9. I'assive rubidium l,cnr!l Prequency standard usirlg opt  i cn l  purl- 

n ing for s t a t e  s c l ec t  ion a11d de tec t  ion. 

l*igure 10.  Schermtic diagram o T a saturatccl : i b s o ~ t i o n  stnbi  1 ized laser.. 

Figure 11. Ha~ic C O I I C C P ~ S  used in the <t:lbiliz,-itjon of a lnscr w i t h  a111 

:ltomic bca11. ((7rlc v e r s i o ~ ~  is shorn1 and severa l  other- irrlple- 

mentat ions can l)c t hou~ l l t  o T. ) 
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should expect resu l t s  soon (82) .  Tinallv tlnc two photon al)so-cptinn 

tcchnjqlie coupled with the separated Rarnsey intel-rogntion tcchnic~~lc 

apenrs  t o  he extremely promi  sin^. In Fact a l i n e  O of the order of 

10'' i s  projected and appears r e a l i s t i c  (83). These projections a re  

summari zed i n  table 5 rilong with projections on some other cleviccs 

which were examined in t h i  s p;ir)cr. 

A s  was  mentioned erir.1 i c r ,  stab! 1 i zed lasers  form a c lass  

lry thevselvcs which has no cnsy connectionwith thc tr.aditionn1 frequen- 

cy standards such a s  the Cs beam frequency stnnciards . L J n t  i 1 re7 i;;ble 

svnthesiri tin t o  the frcquencies enco~mterccl in the laser  s t ah i l i  zntion 

f ivlcl,  hecomes a common laboratory tcchnique , :I Ran wi l l  ex i s t  between 

the t radi t ional  standards and the s t n l ~ i l  ized 1 ascrs , :md thesc l a s t  

clcviccs w i l l  have limited use. IIowcver rescarcl~ on t h i s  5ubject i s  being 

clone in  so~nc lal>oratorics. (84, 85). Presently it i s  nossiblc t h r o u ~ h  

thc usc of scveral lasers  and point contact metal (liocles, t o  rnjx LIP nntl 

synthesize frequencies up to  a corrcsponrl i ng wavelenght o T 1 . 5  11, (8h:1 

I rcquired in t h i s  direction iF substantial  results a re  vt:mtecl. 


























