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Asstming that these spur.ious cf fcct s arc urlder sufficicritl y good control,  the 

Heisenberg principlc c a l l  for long interaction times such as i n  the hydrogen 

nlascr and in ion tr'aps . 
The second f~indruncntal lir i l i  t is dcter-rni ned by rlo ise processes. In the case where 

the atanic resonnrlcc is moni tor'ecl by a Tlux of par t ic les ,  atoms or photons, shot 

nolsc i s  t h e  annoying ef fec t .  l'he corresponding rractional fluctuations of the 

par t ic le  flux being inversely proportional to  the mean flux value, it is  dcsi- 

r.ablc t o  rnorlitor a high par t ic le  flux, in atomic bc,m devices for  instance. In 

the hydrogen nlaser, where the atomic trnx~sit  ion is detected whether a5 the crea- 

t ion  (active opcr'ation) , or  the variat ion (passive operat ion) , of a coherent 

e lec t  ronlagrlet ic ri e ld ,  thennal noise due to the hrownian mot ion of electrons 

i n  thc cavity wall perturbs the phase and t h e  amplirude of the electromagnetic 

f i e ld .  The most obvious solution -at  least  i n  principle- consists in  the coo- 

l ing of t he cavity . 
A Inore detailed analysis shows that  the f ract ional f rcquency stab i 1 i t y  measure, 

o (TI ( '  I, is  givcn by : 
Y 

where Q i s  rhc quality factor of the atomic l i n e  and S/B(T) the signal t o  noise 

rat io  o C its observation,dur.ing the t i m c  interval -r. 'lhe best frequency s t a b l l i  t y  

is then ohtalried i n  deviccs whero i t  is possiblc to  real ize both a large quality 

factor and a large s ignal  t o  noise rrit io. O f  course, tradeoffs between the two 

factors are  possible. 

A high qual l ty  factor requires, amo11g other demands, a suf f ic ien t ly  large tran- 

s i t i o n  frequency. A t  thc present time, the largest one which has been used in  

experimental devices are  that  of thc hyperfine t ransi t ion of the mass 199 mcr- 

cilry ion, a t  40.5 GIlz, and that of a Cinc structure t rans i t ion  of the m:;s 24 

rnagnesi~rm atom a t  601 GIlz. A t  thc present time, hlgher frequencies cannot be 

procluced andlor- lneasurcd in  sur f ic ien t ly  r.cliahle set-ups, s o  that we sha l l  

focus on microwave frequency standards , mainly. 

The preceding r.ernmrks i11d icate the d i rec t  ions i n  wh icll inq~rovement s of a t  omi c 

frequerlcy standards may be expccted . They refer ,  i n  f ac t ,  t o  means of enhancing 

the short and rneditm term frequency s t a b i l i t y .  However, i t  is w e l l  known that 

other qual i t ies  are necessary t o  f u l f i l l  the present demand. Among them, the 

long term s t a b i l i t y  and the reproducibili ty are of prime importance i n  a nun- 
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111 1950 ,  .I. h ~ t l . e ~ ~  '"I ,ilowe(:l t:lxlt i t  sllourl hc  pass ihle TO op t i c a l l y  enhance 

tlc: pop1ll.a t i o r i  o r  ~.:cr,t,i 111 stt31niz lcvels  ancl t o  opt. ical 1 y dc tect  magnetic: reso- 

nance t raris 1 t. i orl::: . i Ic s ~ ~ g g e : ;  tecl t lmt tht: st I-ong ;~rld i ~ I ~ O ~ O R C I I C O U S  111agilc t i c S icld 

regions could I-:? re-p!;lc:ccl b y  opt: ica 1 interact. ion r.cgi on in  t:he Rab i bcnm magne- 

t i c r~c:~t:iit;i~~cc lrl;.lL: lli.r~e. 'I'!ii :-; ~.)c>ss ik i 1 i t.y was confi rrnctl in 3 Rl-, 87 hciun 11s i11.g rtb i - 

dirun - .pei t . ra l  lslllps a ~ i d  ;r Ri~nacy-type microiiavc cav i ty  '6' . However, a t  t h a t  

ti me, t hc.. 1 ig11.t sol.~rcc;.s wc1.c: :<pet: t.ra 1 Inrrq~s , ; U I ~  the cnerhgy densi ty  of the  

1 i glit ljcslrr: w a s  not 1 arge cnoiigl~ t o  prov i dtl e ff  i c ient  opt i cal  pw~lpi.ng and cle- 

t e c t  i c r r ~ .  Morrt rcccrltly, t.1-ir: dcvcl opnerit of rbe1iabl e semi -conductor lriser light. 

sour.ce..; in  the neal' inSr-arcd, :~t 0.852 r u n ,  cr\ablud t1-c opt ica l  pulping of cesi.wn 

3tt31115 a n d  the o13ti.cal i1t:tectiorl of 1 . f ~  I? = 4,  nl = 0 t 3 F =  3, nl = O clock 
1: 1; 

(7 1 trar: i t. i.on ~ 1 .  !? + 1 ! ) 2  M - 1 ~  pr'odu~etl i r l  ;i 1klrn:;cy t ype mic-rowave crivi t y . 
I ~ ~ g t r r c ~  1 k;l~ows the  p ~ ' l n c l p l  c of opt  i c n l  p~rn~p~rlg ;md d r t c c t  ion. A t  the l e f t  

of t he  I'i jilnr-c air r,ricrgy tl iagrxr~i r s show11 wlrh two levels  i n  the ground s ta tc  

ar~cl one i n  all cx("1tcc1 s t a t e .  A l lgl l t  hear) exc i t es  the  atoms froin levcl 1 t o  3. 

l h c  ljol)~~l.it ior~ of thr. rxc l t ed  s tate rlecays by spontmeous ernission with a n  

eq~ki l  ~jroi>,lbi 1 r t y  OH 1evt:ls 1 and 2. Assum~ng t h t  the  energy tlcxls i t y  i s  l a rge  

cnou+,Il ~t follc7ws t l u t  tlw I ( > v t \ l  ' I S  populi-lt c'cl ;it tllc dctrjmcnt of level 1 , 
arid ;I p p ~ l a t i ~ ~ ~  ~ I ~ I - L c ~ ~ c : I ~ c c  15  creatctl by optic.al punpirlg. 'I'his t h r t : ~  level  

c-urlfll;ur a t  ion i-, r~l:;o ~lsc.Su! Tor- tllc clctect ion 01' rr t r ln ls l t lon bet wecn lovcl s 

I :uicl 2 +  I1 t h ~ ,  I l*,llls 11 lo11 uc:c~ir-s, the 1rhvt.l .1 I)e( orlres populatccl ancl the 

l ig l i t  I I ~ : ; + I U  Indy t l , r l l ~ i c . i  oil(: 'iton) t o  level 3 .  Sporrt;~neous emiss lo~l  cr-catcs one 

l'luorcsc t:nct-, phot orx wh~c:i~ md): Lrt. drtct-tccl ;iird used t o  monitor the  1 e-3 2 

trallsi t lor]. ! r l  tlia t L~SI:, OIK: p1lot011 a t  I T ~ O S ~  1s pr*oducecl pcr atom. Arrother 

o p t ~ c a l  d c t t ~ t  iori <cllcrnc 1:, sllc~wn a t  t h e  r ight  of f l  @Ire 1 . Only two I cvt.1 s 
are r nvc-r l vcd . On(. I 1 ~wr.t~scc~ncr. 1111uton is  cJml t t c d  cach time one p h ~ l  or1 01' 

the  inc idcnt l l ~ l l t  berun is a0sorbed t)y nt oms in lcvcl 1 . Tllc l i f e - t ~ r n ~  

01' the excltccl s t a t c  1)ri~lg very snrall, nnc ]nay then detect scvcrnl photorls 

per' at0111 I the 1 1;:11f 1wsl111 rrlcrgy clcns i t y  1:; s l l r r ~ c  lent 1 y 1 ;~ rge .  Th i s  trm- 

s i t  ion 15 clcnot e ~ l  3 5  d cy(. 11112 t r 'r~ls I t ioll .  Furt l i t~morc,  tllc rluunber o T pllu- 

toris is propr-t~u11;il  t o  thc  time spent by t hc ,tton~s in the l i g h t  bcrun, ~ u l d ,  

corls~quent l y ,  t h l t ,  t n t .  tllotl provides a rl;lrrowi np, of  thc  1 ine.  

'l'he c ol-iSigur-ar i onr o t  1'1 guu-c 1 a re  inc 1uclt.d In t lle 1 cvel energy d l a g r m ~  

(I S 1-he ces ~ ~ n n  '11 ( A I ~ ,  ;IICJWII 111 f~gu l -e  2 ,  l n  ;I s i111p1 l Sicd fo nn. 'l'aklng in to  

r ~ c o ~ i n t  tllcl s ~ l r \ c t ~ o r ~  r - u ~ l c ~  AT: - 0 o r  - + I ,  onc sees tha t  the  levcls  F = 3 

arlcl 4 o r  t l ic i  graullcl stat(:  plus the  l eve l  F' = 4 of the excited s t a t c ,  f o r  



ins t:irlce, may be cons icie~.t.cl ror 01) t 1~ d 1 I I L U I ~ ~ L ~ ~ ;  411~1 c i ~ t r : ( .  t ~o r i .  I'he lew.l>; 1' = 3 

arcd 13 ' = 2 ,  Tur instar~ce,  111cly be nsed lor' opt i c ~  1 i l < ~ i ~ ~ ~  t ion,  it cxl:-> ts :;rvcr;ll 

s ~ ~ c l i  conf igur.:i t ions, corr-csp)ndlng t o  ;r n~xrat>cr o E e~ prrl  rncnt,i 1 arrnr~~c~mc~rit s . 

In f a c t ,  I lit? S ~ C C : ~ T . I I I I L  i s  cvcn mom conqr? i r a l  t.(l thar~ :,l~uwn ~n f i  gurt. 2 ,  hccr-lusr 

each I lypcrf inc  l cvc l hr35 Zk' + I rn3g11et lc suh l cvc 1 -- . I11 p ;~r . t  icul a]', thr groluicl 

stntc 113s a t o t a l  of- sixtcerl ~ ~ 1 1 ~ 1 ~ ~ ~ ~ 1 s  w11icli ; i r ~  crjunlly :.n>pul;~t~d ;it tht' 

a t  olnic s o l ~ l ' ~  e cx i t  . 
'l'llc most s inlplc cxy~rirncntnl set-up i s skctc-liccl i.n f i.g~lr.c .?. A 5 inglti semi - 

c;o~du~:tor. laser-, at. 0 .8  52 1.1111, i 1l.uni.n;it.c~ a cesjiun !,c;-lm, 011 cacl~ s i dc of the 

Ih~r~scy rnicw'o~avc cavi ty .  A papul at icul ~ c l  i f  fc. rcrlce i.s c rc.atc.cl i n  t l l c :  f:i rst 1 ight 

atom i n t e r a c t i o ~ ~  rcgiori r-ltlcl tht: 111icrow:rvc t r an s  i t  i.orl is 3.ct.c~- ted. i n  the sccorld 

one. 111 t ha t  set-up, one of the two hyper.finc lcvr ls ,  I- - .? o r  ,! 01- the  grourid 

statti i s  e11111tic~I t o  the  hcncfi t o r  the otEicr one., i I -  tllc 1 i g h t  i n t ens i t y  i s 

sul:fic ient 1.); 1 nrgc i n  t.Ilt> ti rs t. interact- ion I-cg i ( X I .  'l'llc populu.r.ion of: thc I; = 3 , 
]I$ = (1  o r  o f  t.h> t = 4,  m y  = O s ~ ~ l > l c v c l ,  ilelWnili.lig oil tlrc ~r>i-angcl!~cnt, l)ccor~lc; 

1/8 of t.1c tot-nl populnt jot1 of the  beam. T l l i s  is twice w l l l ~ t .  111;iy bc e);pcct.cd w i t 1 1  

magr-let-ic s t a t e  sclcctor's,  whict~ de f l e c t s  o f f  tile bean onc d- tticsc. rn = 0 
1; 

lcvcl s . 1 ~ i . c  1 siiows thc microwave specf rim1 obselyved 18 ' w i th  the C X ~ C I -  irncnt.;r 1 

su2.-up 01 Sigure 3 .  

121iot.ht.r~ i n  t .erest i  ng consequence of t . 1 ~  sell cc t  ion n ~ l c s  IKL? 1bci.n suggesteri 1)y 
1 I . .  (:tltler, ~ i l i t c d  out: 1)y Lcwis and I~clclman '+ ;old t i i ~ o ~ r t  ic;illy i nvcst igntcd 

by cle Cleri:ci c.T al ' l o ' .  I t  a f fords  t h e  p s s i b i l  i t ?  t t i  thr p p ~ l l a t i o n  

of thc si.xteen hyper'f inc nmgnet i c  slhl cvcls of' t . 1 ~  p,l-o~~lid s t a t e  t o  c i tElc~- t hi: 

1; = 3 ,  m = O o r  tilt? 1: = 4 ,  111 = O l ( x v - c t l .  I-'or inst.atlct2, TJIK l i g h t  1jc;un t u~iril F F 
t o  L . 1 1 ~  1: -= 3 (-4 1:' 4 trr-lrrsition w i  1 1  populate: i-111. the su l~ lcvc l5  o f  thc s t a t e  

F = 4 .  The second l i gh t  l-,c:mi, t . ~ m e d  or-I t l ~ c !  t = 4 f-3 t:' 4 t r x i s  i t i n n  wi l l  

cmpty thc sublcvclr; of.' t .he st:ltc I : =  -1, k i t h  t i i c :  c x c p p t i o n  o f  t h c  sul,levt-,I 1;- 4, 

m = O bc!cause t.he t r n ~ w i t i . o n  F = 4 ,  111 = O f j  t" -- 4, J I ~  = O is fnt-l,iciclrn i f '  
t; t 1: 

the light: is I i nea r ly  polas'izcd., para1 l e l  t o  t-llc s t a t i c  f i e l d .  Tt is then pos- 

s.it)lc, in prbinc ip l c ,  t o  concentr-at(: a l l  t h e  atorns c.)n the: 1: = 4 ,  111 = II level  , F 
for- illrtancc, wilosc. pop~.ilatior~ t>ecorne:; 100  Oo of' tha t  of t h c  beam. 'This major 

ini1)rcrvcrnent has bccn exper.inlcntal1 y I-~chievccl i n  t w o  experi.mcrlta1 conf igun-a- 

t ions ('* I I ) .  i n  tlic Tirst one, l h c  rietcct-ion is ; ~ c c o ~ ~ q ~ l . i s l r d  1,y a l igh t  

heam derivcd f row one pumping bean, rrncl i 11 thc  sec~oncl onc a th i  r'ci l ase r' i s 

used hi- thi: clctect. j.011 by n cycling t r -nns  i t i on .  111 f i gur-c 5 ,  one sees t.hat 

the  f i e l d  dc~x311dent. A111 - (1 t r ~ m s  i t ions have almost. d ir;;-i;)l)c:i~-ccI correspon- I: 



cling t o  311 increase of the central  kibi-Ranscy cent ral 1 inc. Figure 6 sh~lws 

t h e  cent 1x1 Rmlsey fringe ob t airled in a three lasers conf i gurat i on. 

h) Prospects 

13esiclcs t h e  s in~pl i f ica t ion  i n  the dcsign and the rmnufacturing of the cc>,i~nn 

berun tul~c,  optical p~rmpirlg and detection metllods have an impact on hoth the 

f requurlcy s tab i l  i t y  and the accuracy oS cesium heam f rcqucncy standards. 

'The short and medim tern1 frcquericy s t a b i l i t y  measure, cs ( T )  , is determ~ncd by 
Y 

shot I IOISC,  for L ;, 1 day. I t  is approximately given by : 

where 1 i s  The flux of detected ccsiian at o r r ~ .  The optical pumping rwthod is 

all~le t o  make the most c f f ~ c i e n t  use of the cesium beam : 

- 110 atom i s l o s t  hy vcloci t y  depencient rnagneric del-lcction 

- thc a t m s  of the smtcen sublevels of the gmund s t a t e  can be accunu- 

Iatcd 011 either* the F = 3, mF = O o r  the F = 4 ,  rrlF = O lcvel 

- w d e r  bcams may be used due to  the absence of heam geometry l i m i  ta-  

t ions by niagmet pole prccc scparat ion and hot wire detector width. 

I t  i s  thcn very l ike ly  that  the useful beam intcnsi ty  I may be increased by 

a factor  of  thc order. of 100 and, thus,the frequency s t a b i l i t y  hy a factor 

of ahout 1 L), so that a fr'equency s tabi l  i t y  figure approaching 

-12 - 1 / 2  
cs (T) = 10 T 
Y 

appears Seas ible in manuCacturcd uni t s .  Figure 7 compares t h i s  frequency st a- 

bil  iry with that of examples of preserlt l y  manufactured. cesium bean1 frequency 

standards. Among others,  t h i s  achievement w i l l  requlrc a suitable choicc of the 

optlcal pumping and detection schemc and a proper design of tllc opt ical  detec- 

t ion rcgion in  ordcr to climinate as we1 1 as possible spuriouc; backgrountl l ight  

from the illcident 1 aser beam. 

Systennt i c  e f fec ts  may also be grcat ly  diminished, thereby improving the long 

term s t a b i l i t y ,  reproducibility and accuracy 

- the suppression of the f i e ld  dependent side-bands of the microwave 

spectrum of the beam tube eliminates the frequency pull ing by neighbourirlg 

1 incs ( lZ ) .  1\5 [he separation between these sidebands depends on the applied 

s t a t i c  magnetic f i c l d ,  t h e i r  absence allows to  decreasc i ts  value and, conse- 

qucrltly t o  decrease the sens i t iv i ty  to  h i a n t  magnetic f i e l d  changes. 

- the velocity dis t r ihut ion of the detected atoms i s  determined by the 



interaction time with the l igh t  beams anil the chosen met-hod of opt ical  

detection. Well defined velocity dis t r ibut ion functions may be achieved (13) I 

thus improving the knowledge of the second order Doppler effcct..  

- the absence of s t a t e  selector  magnets and the creation of a weak ma- 

gnetic f i e ld  a l l  along the ccsiun beam cancel the probabili ty of Majorana 

t ransi t ions,  suppress the relatcd frequency s h i f t  and case the achievement 

of a be t te r  magnetic f i e l d  uniformity. 

- a be t te r  evaluation of the coupling between the velocity and the trans- 

verse posit ion of atoms w i l l  enable a be t te r  averaging ( I 4 )  of the transverse 

phase s h i f t .  

- thc cesium beam may be dcsigried symmetrical with an on-axis cesium oven 

a t  each end, thereby allowing a measurement and a correction of the cavity 

phase sh i f t .  

The l ight  s h i f t ,  which is inherent t o  optical methods i s  small here (''1 I be- 

cause the optical and microwave interactions do not occur a t  the same place. 

I t  may be measurcd and kept constant to  about one part  i n  1014. As a consf- 

quence of a decrease, o r  a be t te r  control of systematic frequency s h i f t ,  a 
-1 4 frequency s t a b i l i t y  of the order of 1 x 10 may be expccted over a year. 

In addition, i t  is  worth noting that i t  is of prime interest ,  from a fundamen- 

t a l  point of view, t o  realize the S . I .  time uni t  by s ignif icant ly di,fferent 

means t o  ver ify that possible fundamental and apparatus effects  have not been 

missed. 

Use of slow atoms increase the l ine  qua1 i t y  factor  -which is inversely propor- 

t ional t o  the velocity- and thus improve the short and medium term frequency 

s t a b i l i t y  (z < 1 day) i f  the beam flux is not too much diminished. I t  also 

decreases the velocity dependent frequency s h i f t  and contributes t o  an increase 

of the long term frequency s t a b i l i t y  and t o  the accuracy. Slow atoms are al-  

ready preferent ial ly  s t a t e  selected i n  one of the primary cesi~rm beam frequency 

standards (161. In the same l i n e ,  the in te res t  in a fountain beam experiment (1 7 

has been recent 1 y renewed ( 1 8 ) .  Assuming that  collisions do not sca t t e r  signi- 

f icant ly  the very s l d w  atoms of a beam effusing f rm a properly designed over 

aperture, a possiblc accuracy of 10-I has been anticipated l o r  a machine, 
- 1 using 6 111s opt ica l ly  pmped and detected Cs atoms. 

Laser cooling is a1 so studied 9 ~ 2 0 )  , with the hope to  produce intense and 

suf f ic ien t ly  well coll  imated beams of slow atoms. 



3.2. Rubidium Beam Frequency Standard 

One nuy consider the application of opt ical  pumping and detection methods t o  a 

mass 87 n ~ b i d i u n  beam ) , but using laser diode l ight  sources instead of spec- 

t r a l  lamps (6'. The wavelength of the D2 resonance t r a n s i t  ion, which is  equill 

t o  780 nm, i s  well suited, because it corresponds t o  tha t  of l igh t  sources 

developed f o r  the video-disc industry. However, besides that  point, rubidium 

does not provide s ignif icant  advantages for  improved frequency standards. 

- I t  has 8 hyperfine sublevels in  the ground s t a t e ,  instead of 16 for  re- 

silml, but in  both cases, then may be transferred to  a single mF = O by dold~le 

wavelength optical pumping. 

- Its mass i s  smaller than that  of cesium. The line-width on the onc hand 

and the velocity dependent frequency s h i f t  one the other hand would be s l ight-  

l y  worse than f o r  a cesium beam. 

4 .  MAGNESIUM BFAM FREQUENCY STAM3ARD 

A s  a consequence of t h e i r  two valency electrons, earth alkaline atoms have 
I 
I 

singlet  and t r i p l e t  s ta tes .  The ground s t a t e ,  so, is a s inglet .  The f i r s t  
7 
J t r i p l e t  s t a t e s ,  
, P o , l , 2  5 shown in the simplified energy diagram of F ig . 7 ,  is 

1 3 
metastable. The S ++ P and the S f--+ P t ransi t ions are forbidden, for  

O 1 O 3 0 2 
even isotopes, but the S <-+ PI t rans i t ion  is s l igh t ly  allowed. Consequently, 

0 7 
J 

a large population difference may be created between the P fi.ne struct~irc levels 

by spontaneous decay of the 3 ~ 1  level (4) 
3 3 ( 2 2 , 2 3 ,  

The f ine  structure sp l i t t i ng  i s  rather large.  The P p ones of Mg 
? A  \ 1 0 
L4) and Ca a re  the smallest. They are given i.n Table 2 ,  as w e l l  as the 1 j f e  tirnc 

3 
(") of the P lcvel and the wavelength of the fluorescence l igh t .  

1 
3 

In a magnesium or a calcium beam frequency standard, the metastable P 
0,1,2 

levels are created in a discharge. A t  a distance downstream, which is of the 

onler of I rn for  Mg, for  instance, the population of the 3 ~ 1  level i s  depleted 
3 3 

by spontaneous decay. The dipole magnetic f ine  structure Po t-, P t ransi-  
3 1 

t ion is  irlcluced in  a sub-millimeter cavity,  so tha t  thc level PI is replc- 

nishcd. The f ine  structure t ransi t ion is then monitored hy the intensi ty  of the 

fluorescence 1 ight which is emitted by the beam, a f t e r  i t s  passage in the ca- 

vi ty .  A s  usual, the resonance signal is  processed t o  cnable the frequency con- 

t r o l  of the interrogation frequency. Such a device, using a magnesium beam has 

been successfully operated (24), with a Rabi-type cavity a t  thc present time. 



With a Ramsey type sub-millimeter cav i ty ,  t h c  short-term frequency c a p a b i l i t y  

of such a device would be (243 . 

l o r  cl,?gnesim and. 10 times b e t t e r  f o r  c a l c  iurn. This is mainly clue i) t o  the  
9 

high value of the  1 ine Q, of  the  order  of 10 , although l ini i tcd by spontn- 
3 

rlcous decay of  t h e  P l e v e l  and ii) t o  t h e  p o s s i b i l i t y  t o  use wide atomic 1 
beans. 

'Thc very low s e n s i t i v i t y  t o  magnetic f i e l d s  and the absence o f  ~ielghbourlng 

t r a n s i t i o n s  a r c  pos i t ive  points .  Rut the  long term s t a h  ~ l l t y ,  t h c  rcpr-oduc ~ b l -  
-1 3 l i t y  and the  accuracy are lirrilted t o  thc  10 lcvcl l)y thc seconcl order Iloppler 

c f f e c t  (26' which is ra the r  large dur t o  thc  l a rgc  v c l o c i t y  o f  l lg i i t  atoms for-  
-1  2 m i n g a b e a m f r o m a h i g h t m ~ ) c r a t u r c o v c n .  I t  anlounts t o 2 . 5 ~  1 0  for'magne- 

sium. 

A magnesium beam machine must be severa l  meters long t o  allow a s u f f i c i c n t  decay 
3 of the P l e v e l  a f t e r  t h e  discharge region,  and an e f f i c i e n t  col lec t ior l  of thc  1 

fluorescence l i g h t  a f t e r  t h e  cavi ty .  Thc length  requirement is  about 10 times 
3 l e s s  with Ca, according t o  t h e  smallest  14 f c  time of t h e  1) l eve l .  The genera- 

l 
t ion of the  l a rge  in ter rogat  ion f ruquenc-y may cause tecl lnical  problcms . 

5. RLIHIDILIM CPZI, FREWENCY S1'ANI)AKT)S 

Spect ral lamp o p t i c a l l y  pumped rub idiun c e l l  f r e q ~ e n c y  standards a r e  popular 

i n  app l i ca t  ions where good shor t  term s t a b  i l i t y ,  but r c l a t  ivel y poor long term 

s t a b i l i t y  a r c  cornpatil>le wi th  small s i z c ,  small power conswnption and low 

cos t  . 
A buf fe r  gas is introduccd In  t h e  c e l l  contnirlirlg mass 87 r u b i d i ~ m  aton~c, t o  

enhance the o p t i c a l  pumping e f f  l c  icnoy (27) . Nltrogen q~rcnchcs n ~ b i d l ~ m l  atoms 

111 the  exc i t ed  s t a t e  so t h a t  they make a nor1 r a d i a t  ive trans1 t i o n  t o  the  ground 

s t a t e .  Otherwise, t h e  f luorcsccnce light, which corltairls both hyperfine cornpo- 

nents ,  would decrease the  at tair icd populat ion d i f fe rencc  . I n  add i t ion ,  the  slow 
(28 1 d i l f u s i o n o f  atoms i n t h c b u f f e r g a s g r e a t l y r e d u c e s  theDo~~plcr . l>roat lening , 

without requiremcrlt on the  s i z e  o f  the c e l l  cornparecl t o  t h c  rillcr'owave have- 

length,  so t h a t  the  1)opplcr f r e e  hyperf inc tl 'r insition can hc obscrved with ~1 

c e l l  f i l l i n g  t h e  microwave c a v i t y  ::. 

:: In $hut CUAP, th4  m.c cnuwaue cavcxy ( 5  MU< vzercJiiamy. T k c ~  D u p p d e f i  I ( ~ L c ' P  .tnuv~- 
d,LZcon m a y  b~ U ~ A Q ~ V C ' ~  id t h e  c e t l  ih  pluced . t ~  u tnav~l !cv ig wave ax the hypeh- 
dine thanaiRiun 6hequern y. 



With a laser  l igh t  sourcc the opt ical  pumping efficiency is  highly increased, 

due t o  the much larger energy density a t  the proper wavelength. I t  would then 

be possible to  suppress the buffer gas, provided i )  that  the c e l l  does not 

extend t o  regions wherc the phase of the standing microwave rnagnctic f i e l d  is 

reversed and i i)  that  a wall coating prevents strong relaxation on the gl-ass 

wall. The great advantage would be the elimination of the large s i ze  buffer 

gas frequency s h i f t  and ,main1 y, of the inhomogeneous l ine  broadening c ffec- ts 

causing large power frequency s h i f t s  (28bis) duc to  the abscnce of motional 

averaging when a buffer gas i s  used. These inhomogeneous l ine  broadening ef- 

f ec t s  are produced by the progressive absorption of l i gh t  along i ts  path i n  

the c e l l ,  causing a dis t r ibuted l igh t  s h i f t ,  and by inhomogeneous magnetic 

f i e ld .  In that  event, the buffer gas frequency s h i f t  would be replaced by a 

noticeably smaller wall s h i f t .  

One may then e x p c t  that  the larger resonance signal increases the short  tern1 

frequency s t a b i l i t y  and that the reduction of frequency of fse ts  improves the 

mcdium and long term frequency s t a b i l i t y .  This assumes i )  tha t  the optical 

wavelength i s  tuned t o  that of the D 2  l i ne ,  so that the l ight  s h i f t  goes t o  

zero and i i )  that the amplitude and frequency noises (") of the l a se r  i s  suf- 

f i c i en t ly  reduced so tha t  they are  not transduced into f l u c t ~ ~ ~ f . i o r s  of the fie- 

quency of the hyperfine t ransi t ion.  111 the event that these requiremcnts cannot 

bc fu l f i l l ed ,  i t  would be possible to  el jminate l igh t  s h i f t  related effccts by 

performing sequential optical  punping md by observing hyperfine t rans i t ion  

"in the dark". 

Optical pumping 01 the rubidium maser by d i d e s  may be consiclcred as w e l l ,  but 

with the same limitations.  

6. THE IIYnROGFfi MASER 

6.1. Standard Size Hydrogen Maser 

Thc standard s ize hydrogen maser usually includes a TED,, microwave cavity, 

resonating a t  1 .42  GHz, with a th in  walled tcf lon coated storage quartz bulb.  
3 

A typical s ize  is  1 2  x 7 .7  x 5.3 dm . The device is able t o  sustain a s e l l -  

osci l la t ion,  so that  it is said active.  

The standard s ize  hydrogen maser is  the most s tab le  atomic frequency stan- 

dard (30), as shown in  Pig. 9.  The medium term frequency s t a b i l i t y  10  s < *I 

1 hour i s  determined by  the thermal noise i n  the  microwave cavity. We have : 



where k i s  Roltzman constnrrt , T the  ab>;ol u tc  tcm~~c.rntur'c of the c a v i t y ,  (2 thy 

atorrlic linc-width and P the  power dc 1 i \/ex-cd t o  the   mi^:^-owave cavi l y  by  the hy- 

drogen atorrls. Ii is un i 2y for- ac t  IVC 111asers. h1 opt rmi  z n t  ion of the  operating 1 
p:irulmetcrs is  1x1s~ i b l e  '31' but would only  improve very slightly the  Frequency 

s t a h i l  i t y ,  ns shown in  Fig .  1 0 .  

Short ten11 rrcqllcncy s t a b i l i t y  ( -  10 s )  is rrlunly d c t r r - m ~ n c d  h y  the  11olsc 

1' is t h e  noise temperature of  the  recc lver  a l J  KL 1s :I comtai i t  wlilch d~pcla ls  

on the  noise  barldwitlth. 

Tlle long tcr-m frequency s t a b i l i t y  ( r  . 1 hour.) rs ~1etcr.nl~ned h y  cnvirorlmcnt;rll 
[ 3 2 , 3 3 )  

e f r e c t s ,  which a r e  mainly rcllitcd t o  t l c  c a v l t y  pu l l ing  c i f e c t  . I f  
- "  

( 3 4  J 
ncccssnry, i t  woulcl be poss lb le  t o  opcrntc a fas t  ;autotuning systeli~ t o  

keep t he r-esorun t f r-cqucncy oi' t he  c ~ i v  i t y tnlcler cull t 1.0 1 , t he rc1)y iruprov i ng the  
- 1  5 

long terrrl Srequency s t a b i l i t y  f i j y r e  t o  valucs of  thc  orclcr of 10 without 

clegradlng the  sllort and rned ium tcr+m s t a b i l i t y  . 
The r-lccuracy of t h c  hydr'ogen rnaser i s st  i 11 l imi ted  h y  thc lack of r-cpr-oduc i h  i -  

( 3 5 )  . -1 3 . l i t y  of tllc s h i f t .  The bes t  achieved accur-:icy 1 ~ 6 x 1 0  ~ r i ~ i s t a n -  

clnrd s izc maser, T t  sccms d i f f i c u l t  t o  imprnve ~t w ~ t h  t e f l o n  coat ings .  Iiow- 

ever, t111 s 1s better than the  accuracj  ,uid t tic. rcprocluci1)ll i t y  of present  1 y 

rn~inufactured cesium be:un Crei~~iency \t : lnd;~l.ds.  T h ~ s  docs riot i.atlsc serious 

prohlems i n  t h e  main f i e l d s  of appl icat  1011 of the  standard s Lze 11ydx.njieri mrlscr. 

i . ~ .  : vcry long basc 1 inc radio- in tcr fcranct ry  nrld navigation. 

6 . 2 .  Snla11 S i zc Hydrogen Masers 

The key of s i z e  r.cduction is a decrcasc of t hc miir-ow.avc~ c a v l t y  dimensions, 

i ts  rcsonrincc f rcc j~~cncy being kcpt ccplal to 1 . 4 2  Gllz.  Thih  LS nchlcveci b y  uslng 
( 3 0 )  (-37 , 3 8 )  proper ly  disposed d i e l e c t  I.J c rna te r i~ i l s  01- conductor 5 .IS sllo\m iri 

3 Flg . 1 1 . Thc acln cvcd s 1 z c  of the maser, is then of t Eic, (1 r-dclr of 0 x 5 x 3 .5 clrn 

Ibwevel-, t he  presence o f  marerial  s in the  cavr t y ~nc'rcases t hc> losses  3 r d  the 

q u a l i t y  factor- becomes .smaller than 10  000, which does not enable  s e l f - o s c l l -  

l a l i o n  t o  occurb rulymorc. The small s i z c  hydrogen mascr-s ]nay then be operated i n  

two d i f f e r e n t  ways : e i t h e r  pass ive ly  139' o r  ac t ive1 y '40) . 1n t h c  l a s t  case,  

t.1 ccrr.o~iic feedb~tck is  used t o  cnha~~cc. the  c a v i t y  q u a l i t y  f ac to r  abovo osc i 1 - 



l a t  i  on tilreshold. In both circumstances, the frequency s t a b i l i t y  i s  given by 

6q. 5, but with K1 larger than lmity. The achicvcd frequency s t a b i l i t y  is very 

good (41 (42) .  Fig. 1 2  shows thc r e su l t  obtained with a passively opcrated small 

s ize  hydrogen maser of a par t icu lar  design. The short  and medium term frequency 

s t a b i l i t y  may s t i l l  be improved by proper opt i rn i  zation of the operating para- 

meters (31 ) , as  shown in  Fig. 10. The long term s t a b i l i t y  happens to  be excel- 

1 cnt (42),  of the order of 3 x lo-15 for  r = 10 days, although the thermal 

coeff ic ient  of the loaded cavi ty is large.  This shows that  the achieved long 

tenn s tab i l . i ty  i s  due t o  the operation of an ef f ic ien t  electronic control of 

the cavity.  

Actually, the m a l l  s ize  hydrogen mascr realizes an excellent trade-off bct-  

ween performance and s ize .  

6.3. Cold Ilydrogen Maser 

The in teres t  t o  cool the hydrogen maser has been rccognized ear ly i n  the his- 

tory of t h i s  device. I t  was motivated by two different  but complcmcntnry rea- 

sons : i )  since thc achieved short and med ium tcrrn frequency s t,abi- 

l i t y  i s  determined by thermal noise, cooling must improve the short and me- 

d i m  term stability ( 4 3 ) ,  as shown by Eq. 5 and 6 and i i )  cool ing provides a 

,earls studying the properties of the wall coat jng (44'45) and to  search for  

na ter ia l s  llaving more reproclucj1)le properties than teflon a t  room temperature. 

In thar rcspect, the following materials have been studied : FEP 120 teflori 

down to  48 K (44-46' and tetrafluoromethane between 50 and 25 K (47) 

A t  approximately the same t h e ,  fund,mcntal studics aimed t o  achieve Bose- 

Einstein condensation of hydrogen atoms i n  a high density gas of spin polnri- 

zed hydrogerl atoms were engaged i n  sevcral laboratories. This led to  infor- 

mati on on the interaction of hydrogen atoms with molec~~la r  hydrogen surfaces 

around 4 K '497 ") . A very s ignif icant  breakthrough occured whcn it was dis-  
3 4 

covered tha t  He and IIe f i l m s  are able t o  contain a high density of polarized 

hydrogen gas below 1 K (51 1 

This r e su l t  opens very promising prospects for  a cvogenic hydrogen mascr f re -  

quency standard, for  the following reasons, pointed out by Berlinsky and Ilar- 
dY (52) : 

3 4 
- the birding energy of H on a I-Ic o r  a He surface is 0.4 K o r  1.15 K, 

respectively, thus allowing low enough recombination rates  a t  the surface a t  

temperatures bclow 1 K. 



- the t o t a l  pressurc s h i f t  i n  thc gas plus wall s h l f t  sllows a rnlxnlrrurrl 

3 4 
aroun~cl 0.2 K for  IIe and 0.5  K f o r  flc. Thc frcyuency s h i . f t  i n  a 15 air diame- 

t e r  storage bulb js then of t l ~ c  smlc magnitude than with teflon a t  room tern- 

p r a t u r e  . 
- the helium film is  hansgcneous and of high purity,  and the  pressure of 

the helium gas car] be controlled well ellough t o  c x ~ c  t a f ract ional frequency 

s t a b i l i t y  oS the order o r  I O - ' ~ .  

- the spin cxclmngc 
3 .  

1 i n e  broadening effect is 10 tlnles snul lcr  at  

very low terryerature t lun  a t  room temperature. T h i s  a1 1 ows larger osc i l l a t  ion 

power t o  be obta incd . 
- the cavity pull ing cffcct should be drtisticn 11 y rethlced because materials 

have a very low expansion coefficicrlt a t  low tanper'ature ;md hecause i t is p s  

s j ble to  operate the cold maser a t  low vnll~es o f  the cavlty qua1 i t y  factor .  

- slow llydrogerr atoms issued f rorn a cold. hydrogen source iriay be very 

uasily s t a t e  selcctcd. 

- r i~gnct ic  sllicld ing nuy be provided by superconduct ivc innter.ial s . 
- cooled Gals FEY amplifiers are available with noise temperat~irc of 

10 K. 

-18 Promthese statancnts, a f r a c t i o n a l  krcquencycapabili tyof 2 x  10 l o r  -r . 
1u3  s is anticipated (52'. One may add that t k  pressure and the w t l l l  s h i f t  

heen ass~rrncd reproducible, thc accuracy should be vcry :;igni f i c m t l y  ~ncrc ;~scd  

too.  

Howcver dif1icultie.s a r j  sc ,  which a rc  rclateci to tllc hackgrot.mnd pressurc of 
4 
He a t  0 .5  K, for instance, giving a mcan l rec  path of 1 -4 un. A rricans t o  

introduce the  hydrogen gas in  the storage c e l l  sEloulc1 bc found. In  :lclditlon, 

the rnot ional averaging cf fec t  occuri ng i n  convent iorial hycirogcn masers d isap- 

pears which may causc severe requ i rerrlents on the magnet ic f i e ld  hornogerlci t y  . 

I t  1s known, since several tens years that one niay s tore  clia r-ged part i c  1 es  

i n  e l ec t r i c  and magnetic f iclds (53) (Penning t rap)  u r  i n  a mdiofrrqucnry 

e l ec t r i c  f i e ld  (54) {r.f. trap) . Storage may occur for  hours, and the intcrest  
3 + of t h i s  technique for  high resolution -microwave spcct roscopy, of ' He a t  f i r s t ,  

has been demonst rated hy Dehmelt (55) 

I t  has been proved that  it is possible to  use a hypcrfinc s t ructure t ransi t ion,  

t h a t  of  the rnass 199 mercury ion, t o  real ize an experin~ental model of a frc- 



querlcy standard using ions stored i n  a radiofrcquency t rap (56-59) 

In the following we shall  mainly focus on the racliofrequency t rap and the 

mercury ions frequency standard and we sha l l  give indications on the potent ia- 

l i t i c s  of stored cooled ions (603 

7 . 1 .  Storage in  a r . f .  Trap 

Let us consider the three electrodes system and the applied voltage shown in 

Fig. 13. Assuming t h a t  the electrodes have the proper hyperboloid shape, the 

axial  and transverse components of the e l ec t r i c  I i e ld  are proportional t o  the 

distance from the center 0 of the t rap ,  but they have opposite signs. I f  thc 

voltage is a constant, a charged par t ic le  w i  11 be submitted to  a repulsive 

force e i ther  in the axial o r  the transvcrsc direction, according t o  i ts  sign, 

and no storage may occur. 

The s i tua t ion  is d i f le rcnt  i f  the voltage is a1 t e r n a t  i n g ,  with frequency vc. 

The e l ec t r i c  f i e l d  forces a motion a t  the frequency vc, whose amplitude is 

snull. I t  is called the micromotion. This motion is approximately sinusoTdal . 
As  shown i n  Fig. 1 4 ,  the axial  and transverse micromotions are  out of phase 

because the two components of the e l e c t r i c  f i e l d  have opposite signs. In i ts  

motion, the par t ic le  explorcs the e l ec t r i c  f i e l d  and, due to  i ts non-unifor- 

nuty, the acting e l ec t r i c  force is not sinusoidal. I t  follows that  it h ~ s  a 

non zero mean value and it may be shown that its two cornponcnts tend t o  at- 

t r a c t  the par t ic le  towards the center of thc trap. 'This central  force imposes 

another harmonic motion of larger amplitude called t h e  secular motion. I t s  

frequency v i s  in general noticeably smaller than v . I f  the inner dimensions 
S 2 

of the t rap  are  of the ordcr of 1 cm, v equals 200 WIz and has an anpl i t~idc 
C 

of 100 V, then vs i s  of the order of 20 kHz fo r  thc mercury ion and the ampli-  

tude of the nucromotion is of the order o r  a Cew mm. Thercfore, within con- 

di t ions (" ) which have not been considered here, the charged par t ic le  motion 

has a f i n i t e  amplitude and the par t ic le  may stay inside the t rap for  very long 

times, provided that it does not suffer col l is ions with the background gas. 

I t  is worth noting tha t  a stored ion cloud i s  very d i lu t e  as a consequence of 

the Coulomb repulsive forces leading t o  the so-called space charge ef fec t .  
6 

Usually the ion density i s  limited to  about 10 per cubic centimeter. 

Assume now that  the ions a re  i r radiated by an electromagnetic wave a t  frequen- 



c y  u . 1lccording t o  t h e i r  harmonic m o t i o ~ ~ ,  they w i l l  see a Llopplcr f-rcqtxency 
0 

nlodulated wave composed of a carrier .  a t  frcqucrlcy v and side-bands scparntcd 
0 

by vS, a t  l e a s t ,  from the c a r r i e r .  If the ion atomic s p c c t m  has a sharp l i n e  

c lose  t o  the  frequency vo, only thc c a r r i c r  component of the wavc wi l l  he e f -  

fec t  ivc and tlle condition of high resolutiorl Dappler f ree  s~xc t roscopy  i s rnct . 

These pr inciples  a r e  implenlented in rlle mercury ion frequency staridnrd, f o r  

ins t.ar~cc. 

7 .2 .  Tlre Mercury Iorl Frequency Standard 

'I'he ~nass 199 lnercury ion has a hyperfine s t ruc ture  i l l  t h r  grourld s t a t e  shown 

i n  Fig .  15. Orlc has 1 = 1 / 2 ,  ~ n d  thc  I-lypcrfine s t r ~ l c t u r e  is as slrnq~lr: as that 

of thc  liydrogen atom, but  the hyperfinc scpnrat i on i s  1 arge,  equal t o  about 

40.5 Cllz (sec 'fable 1 ) . Thc hyperflxie t ransi  t l o n  is observed by convention:tl 

op t ica l  purnping techniques owing t o  a favorable isotope slri ft  of the  mass 202 

rncrcury ion.  Tllc cxper'imerital set-up i s  sllown i n  Flg. 1 6 .  ;2 lanlp fj l l c d  w i t h  
20 2 IIg emits the  resonarcc l i g h t  of the iorllzed mercury at 194 run. I'hls l igh t  

is se lec t ive ly  absorbed by tlmsc stored 19'Hgt iom which a r e  in t l o  1. = 1 

hypcrfirie level .  'l'his l eve l  is depopulated t o  tElc berief-ll of thc b' = 2 l eve l  

arid thc  irrtcnsity of thc fluorescence l i g h t  is wcak. I f  now the rnicrowave 

trtlrrsition a t  40.5 QIz is ind~iced, the  lcvcl  F = 1 is ~ . ~ p l e n i s h e d  and t he  

irltcnsity o r  thc  Sluorescence 1 ight incrcascs. This in tcns  i t y  is uscd to  mo- 

n i t o r  t h c  microwave hyperfine t r a n s i t  ion. Fig.  17 shows ;r powcr hrondcnctl 

hyperfine r'esonancc pat tcrn ,  corresponillng t o  n 1 i n c  qua1 ~ t y  ractol. oL' 5 x 
9 

10  . 'The high vnluc of the qua l i ty  Sactor corrq)ensates for- the  rc la t  ivc ly  poor 
I s ignal  t o  noisc r a t i o .  iZ quartz c rys ta l  f r c q ~ l ~ n c y  sourcc has beer) frequency 

locked on such a t r ans  i t  ion and a short  term f rcquency stability (10 s *- -r . 
3 5 O O s ) o l  

A s u b s t n n t  i ; l l  l y  11ar-r-owcr l i ~ l c ,  0 .  S5 11; I! lclc, 1 1 , ~ ~ ;  1 1 ~ ~ 1 1  ~ c ~ ~ c I ~ c c I ,  111 ;L 4 i l - f ~ r ~ ~ l t  

set-up (597 62' where t he  1 ight broadening anil lruquency shi ft are climiliated 

by switching off periodically tllc pumping 1 ight and by ln tcrrogat  i ng the  rn i -  

crowave t r a ~ l s i t  ion in  the  dark. 

I Storcd ions have a r e l a t i v e l y  l a rge  k ine t ic  energy 01 about 1 eV and, conse- 



quently a large second order Doppler s h i f t ,  of - 5 x 10-I per cV i n  the case 

of mercury. Models fo r  t h c  effect  of the ion nmher, i . e .  of the space charge 

cffcct  on the ion motion and the ion kinctic energy have been established 

(62'63). This has led t o  a measurement of thc ion kinet ic  energy (63j and t o  

the extrapolation to  zero Doppler sh i f t  of thc hyper fine t r a n s i t  ion frequency 

i n  a mercury ion cloud cooled by viscous drag with helium (6 . The cool ing 
-5 gas is ef f i c  icnt under very low pressure, of the order of 1 0 Torr, for  which 

-1 4 the pressure s h i f t  is about 6 x 10 . 

'I'he slmr-t and medium tern1 capabi l i ty  of the mercury ion frequency standard is 

of 10 -' I -' " about ( 6 2 p 6 4 ) .  A long term frequency s t a b i l i t y  of 2 . 2  x 10 -14 
- 

and an accuracy of 2.5 x 1 0- a re  anticipated. 

The mercury ion frequency standard can be bu i l t  smaller than the prcsenrly 

manufactured cesium bcmn frequency standard. I t  is then a potential  competitor 

of t h i s  device. However, technical problerns rclated t o  the l ife-time of the 

Z O Z ~ g t  lamp and to  the control of the pressure of the background neutral mer- 

cury remains to  be solved. 

7.3. Microwave Spectroscopy i n  Radiofrcquency Traps 

l'he ground s t a t e  hyperfinc spl i t t i n g  of several ionized elements has been 
-1 0 measured, with a precision of the  order of 10 using the r . f .  t r a p  storage 

technique and a pulscd dye laser for  opt ical  pumping. They are l X 5 ~ a C  (493 nm) 

a t  7.18 GIlz (65), 137Ea' (493 ml) a t  8.04 (;Hz (66) and 17'yb+ (369 nm) at 

12.6 GHz (67),  where the quantity within parenthesis is the wavelength used 
11 for  optical punping. A fractional 1 inewidth up t o  3.8 x 10 has bcen obtained 

i n  such experiments, which shows t h e i r  in te res t  i n  the f i e l d  of atomic frequen- 

c y  standards. An experimental set-up has bcen realized in which a quartz crys- 

t a l  osc i l la tor  has been frequency locked, to  the hyperfine t rans i t ion  of 1 3 7 ~ a '  

(68) However, the drawback of these devices, compared t o  the mrcury ion frc- 

quency standard is  the requirement of a pulsed dye laser ,  a t  l e a s t  a t  the pre- 

sent time . 
7.4.  Ion Cooling 

In the absence of any col l is ion,  stored ions have an agi tat ion energy which is 

larger  than the room temperaturc thermal energy, especially i n  r . f .  traps. As  

s ta ted previously, col l is ions with the atoms of a rarefied l igh t  gas are 





3U0 MIz,  i n  tllat experiment, the very long storage time enabled to achievc 

a line-width 3s smll as 10  mllz, and a l i n e  qua l i ty  factor  of 1 . 2 x 10''' has 

thus been obtained. A cjunrtz crystal  o sc i l l a to r  locked to  a t rans i t ion  of the 

hypcrSlnc rru~nifol.d 1~1s a frequency s t a b i l i t y  given by : 

Ior  400 s i T < 3200 s ,  of the same order a s  achicved in  manufactured cesium 

bean1 frequency s tankards . The mngletic f i e l d  instal) i 1 it y conr ributes m un- 

certainty of 3 x in t h i s  experiment and the second order Doppler sh i f t  
-1 4 is - 5 x  10 only, duc to  thecool ing.  

Ior~ htorage i n  a r - f .  t r ap  o r  a Penning t rap  has pmvcd to be a promising tech- 

niq~xc for  frequency standard applications. The r e f .  t r z p  i s  best suited to  tl-le 

real i zat ion of a portable clock. Laser cooling affords the poss ib i l i ty  of a 

drtistic reduct ion of veloci ty  dependent frequency s h i f t s ,  arld of the most 

an~loying of thcrn, the second order Doppler frequency s h i f t .  In addition, the 

rclatcxl very sn~ill spa t ia l  cxtcnslon of the ion motion reduces the e1Set:tu 01 

magnetic I j  eld JlomogeneIit y, accordingly. I lowever, laser  cooling is t riburary 

upon sui table  cohcrcrlt c.w. l ight sources adapted t o  ions having a favorable 

energy level diagrarn, aid il can be conternplatcd f o r  1,aboratory frequency 

5 tar~clartls on1 y. I n  that respect, a rrlass 201 mercury ion frequency stanch rd is 

I I C  lng hrudied ("' The required wavelength, a t  194 nm has heen coherently 

produced ( 8 3 ' . i l r r e q u e n c y s t a b i l i t y b e t t e r t h a n 1 0  - I 6  r -'I2 and an accuracy 

bet ter  t h a a  10-I a re  m p c t e d .  Another simi l a r  proposal rcfcrs  t o  the ilbe 

of 137,1;l+ (84) 

A1 tEiougli t h i  s is out of thc scope of t h i s  paper, i t  sElould be ment ionnet-l 

that  laser cool ed stored ions are being considered fo r  optical frequency stan- 

dards 4 .  (85'86) . A t  optical rrequencies, which are roughly 10 tunes largcr than 

microwave f r e c p ~ r l ~ i e s ,  the l i ne  qual i ty  factor  and, t hereIore the performances 

should be greatly enhanced, The most fasc inat ing proposal is by Dcluncl t ( 8 7 )  
f 

Ilc considers a s i ~ l g l e  ion storcd in  a r. f .  t rap,  such as the 205'r1 ion whose 

spectnnn contains both a widc l ine  and a very narrow l ine  sharing i n  cornon 

one energy level.  The very narrow I ine is used as  the frcqucncy rcfercnce 

feature.  The 1)rond 1 ine, corresponding t o  a short-lived excited s t a t e  1.s used 

f o r  c f f i c  ient laser  cooling and as a cycl ing  t rans i t ion  providing about 10 6 



pht rt,c31ih rdch t,me the rlarr-ow l irle t rarls i t ion i s induc cd . 'Illis yields an opt i- 

ia l  i c-ul t i t lo~l  caplb i l i ty  01 1 part i n  1 018. ilowever, opt ical  lrequency gene- 

ratiori ,rrlrl synthesis 1ni.1st be great1 y inqrrovcd, rrlainl y i n  tile IN part of the 

spect r u n  I~eLorc such a potent ia l i ty  ian bc cxper.imenta1ly verif ied.  

It the11 appears that the per.fon~~,znccs of atomic frequency standards are  open to  

j lg,r,rl i i-lcrnc ~rnprovcment . 'l'ahle 3 s~m~rmlrizes the potent i a1 i t  i cs:: of some 01 tile 

( u11.c icic>reci ciev~ces. 

i'hc co I c? 1 rycl~*ogen maser and tllc cool t.d t rapped iorls f r-cq~scn~c y standards us i ng 

>,torage tc.cIlnic~11cs show t l c  best prorrlisc of frecpt.ncy s t a b i l i t y  improvement. 

111 LI traj) thc storage process docs not lnvolvc cull isions e i ther  with a wall 

o r  a buf l'er gas. For l-oolcd l u n s ,  almost at  rest  a t  Ihe center of t h e  t rap,  the 

LOUT lnanenl related frequency s h i f t s  are either extru111cly sml 1 (effect of the 

ule~trir f icld) or calculable w i t h  a great prcclsion (effect of the nlagnetic 

! l e i i i , .  I t  tollows that the expcctc~i accuracy is iinpress i vely good. Thc cold 

!r\/ci~(.rg,i.i~ raa..;u~. and the coolec! trappctl ions frcc{ucrlcy sTarldards w l l l  be suitccl 

to ~ ~ p ! \ l  icnt2~rs~ls in  the flelcl of funciamental rcscnr.ch (experiment-a1 verif  ica- 

t l r r x ~  n f  Kcl,rt t ivi t y  theorles,  scnrch Cor grnvi t a t  iorlal waves) , to  clccp space 

i l ~ i  q:;i t Lor1 01 t ~ ,  1~111dar1~1ltaI 11letr01og) . 

0:fle~ dcvlc.r~'>, such as the opt icall  y pumpecl portable cesiurn beam frccpency 

s t a  [Lila I d , r txc m a 1  1 s ize hyclrogcri rnaser', t h c  mcrcury ion frcquency standard 

~ n t l  tiie rub~d*un frequency standard have frequency s t ab i l  i t y  capabi l i t ies  

very  slgnif ~carltly bettcr that1 tizhleved at present. They will remain of 

nlotlc~~al-c. ~ l i , t '  and cost and they wlll ccrtairlly find a number. o r  technical ap- 

p l  ~c:at liulli stx~ h as i l l  navigat 1011 systems. 

I t  j !< wur th  renllrlding that  arr  1 icat ion of optical methods t o  laboratory p r  i -  

I1ur.y ceslurll t,can frequency sta~ldarlls i s  11c1ng studied in a numbcr of laborn- 

t ~ j r i e s .  T h i s  is of prime impor.tnnct. t o  verify that two d iffcrex~t d e s i p s  of 

the r'eallzatiun of  the clefirlitior~ o f  the timc ~ m l t ,  one using rr~agnetlc s t a t c  

selectlun ;md the  other o p t ~ ~ a l  punl~inji cl~ld d c t c ~ t i o ~ ~  ~llethodc;, ylclds the 

sance resu l t .  

.*. ----,, -- 
:: Tbic. c n t f h f i  i .3 n u t  6umiElifitr c.vwuglr w i t h  Rb c. , i !uc.k~ :,tu g i v e  p ~ t r t i n e ~ n t  ~$L,.gm.e.,~ 

407~. t k l i ~  devi.cc.. 
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TABLE 2. Property of f i n e  structure transitions i n  magnesium a n d  
3 calcium. v i s  the f requency of  the  'pl P f i n e  

0 0 3  
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1 eve1 and  h i s  t he  wave1 engt h of the 
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f l  uorescence 1 i g  h t .  
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E l e c t r o d e s  o f  a ion t r a p ,  assuming a hyperboloyd shape. 



Rad io f requency  t r a p  : o r i g i n  o f  t h e  a x i a l  ( l e f t . )  and t r a n s v e r s e  ( r i g h t )  

con f inemen t  fo rces .The i o n i c  cha rge  i s  assumed p o s i t i v e .  

Top : p e r i o d i c  v a r i a t i o n  of  -the a x i a l  e l e c t r i c  f i e l d  a t  p o i n t  r = 0 and 

z = z  and o f  t h e  t r a n s v e r s e  ? l e c t r i c  f i e l d  a t  p o i n t  r = r and 
0 0 

z = 0 

M i d d l e  : Forced m o t i o n  ( m i c r o m o t i o n )  o f  t h e  i o n  i n  t h e  v i c 1 n i . t ~  o f  t h e  

c o n s i d e r e d  p o i n t s  

Bot tom : Due t o  t h e  e l e c t r i c  f i e l d  inhomogenei ty ,  t h e  v a r i a t i o n  o f  t h e  

a x i a l  and t r a n s v e r s e  components o f  t h e  e l e c t r i c  f o r c e  i s  n o t  s i -  

nusoyda l .  I t  f o l l o w s  t h a t  t h e  mean va ' l ue  o f  t h i s  f o r c e  i s  n o t  

ze ro  and i t  i s  d i r e c t e d  towards t h e  c e n t e r  o f  t h e  t r a p .  I t  y i e l d s  

t h e  macromot ion.  



S i m p l i f i e d  energy d iag ram o f  lg9H9+ and 2OZH9+ 

Fig.15 
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Power broadened hyperfine resonance 1 ine o f  Hg . 





QUESTIONS A N D  ANSWERS 

STUART CRAMPTON, WILLIAMS C O L L E G E :  I h a v e  s a v e d  m o s t  o f  my com-  
m e n t s  f o r  t o m o r r o w ,  b u t  I w o u l d  l i k e  t o  m a k e  t w o  c o m m e n t s  a b o u t  
c o l d  h y d r o g e n  m a s e r s .  One i s  t h a t  t h e y  a r e  i n h e r e n t l y  s m a l l ,  a n d  
i t ' s  n o t  n e c e s s a r y  t o  u s e  f e e d b a c k  i n  o r d e r  t o  g e t  o s c i l l a t i o n .  
T h e  s e c o n d  i s  t h e  p o s s i b i l i t y  o f  t r a d e - o f f s .  A t  a  s a c r i f i c : e  o f  
s o m e w h a t  i n c r e a s e d  w a l l  s h i f t ,  o n e  c a n  o p e r a t e  a t  a l o w e r  t e m p e r -  
a t u r e  w i t h  t h e  l i q u i d  h e l i u m  w a l l s  a n d  t h u s  a v o i d  t h e  b a c k g r o u n d  
p r e s s u r e  p r o b l e m .  So t h e r e  a r e  s o m e  i n t e r e s t i n g  p r o s p e c t s  i n  t h e  
f u t u r e  f o r  t h a t  k i n d  o f  d e v i c e .  

M R .  A U D O I N :  Yes ,  a t  t h e  l o w  t e m p e r a t u r e  t h e  l i n e w i d t h  i s  v e r y  
s m a l l .  T h e  Q o f  t h e  m i c r o w a v e  c a v i t y  may b e  m a d e  e x t r e m e l y  l a r g e  
u s i n g  s u p e r c o n d u c t i n g  w a l l s ,  o r  e v e n  c o p p e r  h a s  l o w  l o s s e s  a t  l o w  
t e m p e r a t u r e ,  s o  i t  i s  p o s s i b l e  t o  h a v e  a n  a c t i v e  m a s e r .  

A l s o ,  i t  i s  p o s s i b l e  t o  u s e ,  i n  p r i n c i p l e ,  s u p e r  c o n d u c t i n g  
m a g n e t i c  s h i e l d s  w h i c h  r e d u c e  t h e  p r o b l e m  o f  s e n s i t i v i t y  t o  t h e  
m a g n e t i c  f i e l d .  S o  t h e r e  a r e  a l o t  o f  p o s s i b i l i t y  o f  i m p r o v e m e n t .  

VICTOR REINIIARDT, H U G H E S  AIRCRAFT: Do y o u  h a v e  a n y  c o m m e n t s  o n  
t h e  f u t u r e  p o s s i b i l i t y  o f  a r u b i d i u m  s t a n d a r d ?  

M R .  A U D O I N :  Y e s ,  t h e r e  i s  s o m e  i n d i c a t i o n  i n  my m a n u s c r i p t  o n  
t h i s ,  b u t  I am n o t  a  s p e c i a l i s t  i n  r u b i d i u m  c l o c k s .  U s i n g  o p t i c a l  
p u m p i n g  b y  d i o d e  l a s e r s  o f f e r s  m a n y  n e w  p o s s i b i l i t i e s .  A:; y o u  
k n o w ,  i n  t h e  p r e s e n t  r u b i d i u m  c e l l s  o n e  u s e s  a  b u f f e r  g a s  f o r  
s e v e r a l  p u r p o s e s .  O n e  o f  t h e m  i s  t o  i m p r o v e  t h e  o p t i c a l  p u m p i n g  
e f f i c i e n c y .  B u t  i f  y o u  u s e  a  l a s e r  d i o d e ,  t h e  o p t i c a l  p u m p i n g  
e f f i c i e n c y  w i l l  b e  l a r g e  a n y w a y ,  s o  we d o n ' t  n e e d  t h e  b u f f e r  g a s .  
Y o u  m a y  g o  t o  a  w a l l  c o a t e d  c e l l ,  w h i c h  w i l l  r e m o v e  a n y  
d i f f i c u l t y  d u e  t o  t h a t  s e n s e  o f  m o t i o n a l  v a r i a t i o n  i n  p r e s e n t  
r u b i d i u m  c e l l s .  S o ,  m a y b e  o n e  m a y  e x p e c t  i m p r o v e m e n t s  i n  t h a t  
f i e l d ,  t o o .  

M R .  I-IELLWIG: Do y o u  h a v e  a n y  c o m m e n t  o n  t h e  p r i m a r y  s t a t u s  o f  
c e s i u m  v e r s u s  t h e  o t h e r  t e c h n i q u e s  f o r  t h e  r e s t  o f  t h e  c e n t u r y ?  

M R .  A U D O I N :  Yes. T h e  p r e s e n t  l e v e l  o f  p e r f o r m a n c e  o f  l a b o r a t o r y  
c e s i u m  s t a n d a r d s  i s  b e t w e e n  o n e  p a r t  i n  t e n  t o  t h e  t h i r t e e n t h  a n d  
o n e  p a r t  i n  t e n  t o  t h e  f o u r t e e n t h .  I d o  n o t  b e l i e v e  t h a t  i t  w i l l  
b e  p r o v e d  i n  t h i s  c e n t u r y  t h a t  o t h e r  d e v i c e s  h a v e  b e t t e r  
a c c u r a c y .  T h e r e  a r e  p o s s i b i l i t i e s ,  i o n  s t o r a g e  g i v e s  t h e  b e s t  
p r o m i s e  i n  m y  v i e w  a n d  t h e r e  i s  a p r o s p e c t  w i t h  t h e  c o l d  h y d r o g e n  
m a s e r ,  b u t  t h i s  h a s  b e e n  p r o v e d  w i t h  a d i f f e r e n t  d e s i g n  o f  t h e  
d e v i c e ,  I t h i n k  t h a t  i t  w i l l  t a k e  t i m e  a n d  I am c o n f i d e n t  t h a t  
t h e  d e f i n i t i o n  w i l l  b e  a t t a c h e d  t o  t h e  c e s i u m  a t o m  u n t i l  t h e  e n d  
o f  t h e  c e n t u r y .  

STEVE K N O W L E S ,  N A V A L  R E S E A R C H  LABORATORY: W h i l e  we a r e  o n  t h e  
s u b j e c t  o f  f r e q u e n c y  s t a n d a r d s ,  I j u s t  w a n t e d  t o  m e n t i o n  t h e  i d e a  
o f  f r e q u e n c y  s y n c h r o n i z a t i o n  v i a  p h a s e  l e n g t h ,  v i a  ~ y n c h r ~ o n o u s  
s a t e l l i t e s .  I n  a s e n s e ,  t h i s  i s n ' t  a f r e q u e n c y  s t a n d a r d  a t  a l l ,  
b u t  i f  w h a t  o n e  w a n t s  i s  w o r l d w i d e  f r e q u e n c y  s y n c h r o n i z a t i o n ,  
t h i s  o f f e r s ,  I t h i n k ,  t h e  p o s s i b i l i t y  o f  a c c u r a c y  o n  t h e  o r d e r  o f  



t e n  t o  t h e  m i n u s  f i - f ' t e e n t h ,  a n d  s i n c e  it's a t r u e  clo:jeti  l o o p  
s y s t e m ,  i t  h a s  n e v e r  b e e n  t e s t e d  t o  s e e  wkietk1er. long t e r m  
p r e c i s i o n  m a y  b e  c o n s i d e r a b l y  l o w e r  t h a n  t h a t .  

M R .  AUDOIN: Yes ,  b u t  a c c u r a c y  f i g u r e  i s  a t t a c h e d  t o  t h e  d e v i c e ,  
n o t  t o  t h e  c o m p r i s i n g  s y s t e m .  

M H .  KNOWLES: A s  I s a y ,  i n  a s e n s e ,  I arn n o t  t a l k i n g  a b o u t ;  t h e  
s u b j e c t  o f  y o u r  t a l k  a t  a l l ,  b u t  T w a n t e d  t o  s a y  t h a t  i f  what one 
w a n t s  i s  w o r l d w i d e  f r e q u e n c y  s y n c h r o n i z a t , i o n ,  then h e  c a n  c l . ; ~ i m  
t h a t ;  t h i s  i s  e q u i v a l e n t  t o  a  s e c o n d a r y  s t a n d a r d ,  a n d  n o t  a 
p r i m a r y  o n e .  

MR. AUDOIN: O k a y ,  t h e s e  t e c h n i q u e s  a l l o w  c o r n p a r i s o n  o f  s t a n d a r d s .  




