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We sha l l  describe the p o t e n t i a l i t i e s  of d i f f e ren t  ato- 
mic frequency standards which a re  not yet  in to  f i e l d  
operation, fo r  most of them, but f o r  which preliminary 
data, obtained in laboratory experiments, give confi- 
dence tha t  they may improve g rea t ly  the present s t a t e  
of the  a r t .  

The review w i l l  mainly coIrer the following &vices : 
- c e s i m  beam frequency standards with opt i -  

c a l  pumping and detect ion 
- opt ica l ly  pumped rubidium c e l l s  
- magnesiun bean 
- cold hydrogen masers 
- t raps with stored and cooled ions. 

Atanic frequency standards a re  founded on the space and time invariance of  tk 

energy difference between specified levels  of atoms, a t  r e s t  and in a given 

a c c e l ~ > ~ ? t i o n  f i e l d .  This statement is  t o  be re la ted  t o  the absence of experi- 

mental evidence of  a cosmological var ia t ion  of  the funrlamental constants,  a t  

l e a s t  a t  the present level of our measurement a b i l i t y .  

However, there are  two fundamental limits t o  the  precision of the measurement 

of the energy difference hvo between two atomic levels .  

The f i r s t  one is s e t  by the Heisenberg uncertainty pr inc ip le ,  Av A t  - 1,  

which mems tha t  the linewidth cannot be smaller than the  inverse o f  the do- 

servation time, about. This l i m i t  may be reached provided tha t  appropriate 

t r i cks  eliminl,te a s  well a s  possible other  sources of line broadening such 

as the f i r s t  order Doppler e f f e c t  and the i n b o g e n e i t y  af the s t a t i c  magne- 

t i c  f ~ e l d ,  fo r  instance. 



Assuning that  these spurioils e f fec t s  are unde suff ic ient ly  good control, the 

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

maser and in ion traps. 

The second fundamental limit is determined by noise processes. In the case where 

the atanic resonance is monitored by a flux of par t ic les ,  atans or photons, shot 

noise is the amsying effect .  The corresponding fractional fluctuations of the 

part icle flux being inversely proportional t o  the mean flux value, it is desi- 

rable t o  monitor a high par t ic le  f lux,  i n  atomic beam devices for  instance. In 

the hydrogen maser, where the atomic transit ion is detected whether as the crea- 

tion (active operation) , or the variation (passive operat ion) , of a coherent 

electromagnetic f ie ld ,  thermal noise due t o  the brownian motion of electrons 

i n  the cavity wall perturbs the phase and the amplitude of the electromagnetic 

f ield.  The nost obvious solution -at least  in principle- consists in the coo- 

ling of the cavity. 

A more detailed analysis shows that the fractional frequency s i a b i l i t y  measure, 

G ~ ( T )  ('I, i s  giv:n by : 

whtre Q i s  the quality factor of the atomic l ine  and S/B(-r) the signal t o  noise 

ra t io  of i t s  ohservation,during the time interval -r. The best frequency s t a b i l i t y  

i s  then obtained in devices where it is possible t o  realize both a large quali ty 

factor and a large signal t o  noise ra t io .  Of course, tradeoffs between the two 

factors are possible. 

A high quality factor requires, among other demands, a suff ic ient ly  large tran- 

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

experimental devices are that of the hyperfine transit ion of the mass 199 mer- 

cury ion, a t  40.5 GHz, and that of a f ine  structure t ransi t ion of the mass 24 

magnesium atom i;t 601 GHz. A t  the present time, higher frequencies cannot be 

producci; and/or measured in suff ic ient ly  re l iable  set-ups, so  that  we shal l  

focus on microwave frequency s taildards , mainly. 

The preceding remarks indicate the directions in  which improvements of atomic 

frequency standards may be expected. They refer,  i n  fac t ,  t o  mans of enhancing 

the short and mediun term frequency s tab i l i ty .  However, it is well 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 tern s tab i l i ty  and the reproducibility are of prime importance i n  a nm- 



her of applications. Similari 1 y, improved accuracy is desired fo r  rhe labora- 

tory primary cesiun beam frequency s t a n d a d s ,  which rea l i ze  the de f in i t ion  of 

the S.I.  time uni t .  As  we wi l l  see, the  c i t e d  direct ions o f  work a re  a lso  bene- 

f i c i a l  t.o these very important charac ter is t ics .  Their improvement motivates, i n  

par t icular ,  the present e f f o r t s  t o  cool ions and t o  observe one of a Few of them 

almost a t  rest and isolated from spurious sources of frequency s h i f t s .  

A descript ion of the  principles and of the design of most of the exis t ing  f re -  

quency stanaards has been given in review a r t i c l e s  and sha l l  not be re- 

peated here. 

2 .  BASIC PROPERTIES OF ITIE USEFUL TRANSITIONS 

ltyperfine t r ans i t ions  of atoms and ions in  the ground s t a t e  share i n  comnon 

the  following propert ies  of in te res t  : 

- the  l i fe- t ime of the hyperfine levels  is very large ,  amounting t o  

years, due t o  the very low probabil i ty of spontaneous emission. This is mainly 

related t o  the small energy difference h \ ~  between the  levels ,  
C 

- the  Stark e f f e c t ,  i .e. the frequency s h i f t  dlx t o  an e l e c t r i c  f i e l d  

E is  of second order, 

- the Zeeman ef fec t  of some of the :iF = 1 ,  AmF = 0 t r ans i t ions  is a lso  of 

second order. The sens i t iv i ty  t o  the  magnetic f i e l d  of the f ine  s t ruc ture  t ran-  
24 - 4 

s i t i o n  i n  Mg i s  very smal~. I t  is approxirnatcly equal t o  10 times that  of 

cesiun ( 4 ) .  Table 1 gives some pertinent numerical values. 

A s  a resul t  of the small energy difference between the ground s t a t e  hyperfine 

levels ,  they are almost equally populated a t  thermal equilibrium, such as  i n  an 

a t m i c  beam source. S t a t e  se lec t  Ion is then mandatory t o  observe hyperfine tran- 

s i t i o n s  with a su f f i c i en t  signal t o  noise r a t i o .  This is accomplished e i t h e r  

by magnetic deflect ion o r  optical  pumping. 

In  the  case of the magnesium f ine  s t ruc ture  t ransi  t ion ,  &toms are  produced in  

a metastable s t a t e  having three  sublevels with d i f ferent  l i fet imes.  The popu- 

l a t ion  difference follows from the fa s t e s t  decay to the  ground s t a t e  of one of 

them. 

3 .  BEAM FRRJJEKY STANDARDS WIT![ OITICAL PUMPIfiC AND DETECTION 

3.1. Cesium Beam 

a) Experimental achievements 



In 1950, A. lidstler showed that it shoud be possible t o  optically enhance 

the population of certain atanic levels and to  opt ical ly  detect magnetic reso- 

nance transit ions . lie suggested tbat  the strong and irlhomogeneous magnetic f i e ld  

regions could be replaced by optical  interaction region in  the Rabi beam magne- 

t i c  resonance machine. This possibi l i ty  was confirmed in  a Rb 87 bean1 using rubi- 

dium spectral lamps ard a Ransey-type microwave cavity ( 6 )  . However, a t  that  

time, the l ight sources were spectral  lamps, and the energy density of the 

l ight beam was not large enough t o  provide eff ic ient  optical  punping and de- 

tection. More recently, the developnent of rel iable semi-conductor laser  l ight 

sources in  the near infrared, a t  0.852 pm, enabled the optical  punping of cesiun 

a t w  and the optical detection of tk F = 4 ,  r,l = 0 o F = 3 ,  mF = 0 clock F 
(7)  t ransit ion a t  9.192 H z  produced in 3 Ramsey type F Lrowave cavity . 

Figure 1 shows the p r i ~ c i p l e  of optical  pumping and detection. A t  the l e f t  

of the figure an energy diagram is  shown with two levels i n  the ground s t a t e  

and one i n  an excited s ta te .  A l ight  beam excites the atoms from level 1 t o  3. 

The population of tk-. excited s t a t e  decays by spontaneous emission with an 

equal probability on levels 1 and 2. Assuning that  the energy density is large 

enough it follows that the level 2 is populated a t  the detriment of level 1 ,  

and a population difference is created by optical  punping. This three level 

configuration is also useful fo r  t.he detection of a t ransi t ion between levels 

1 and 2. I f  t h i s  transit ion occurs, the level 2 becomes populated and the 

light beam may transfer one atcm t o  level 3 .  Spontaneous emission creates one 

fluorescence photon which may be detected and used to  monitor the 1 2 

transition. In that  case, one photon a t  most i s  produced per atom. Another 

optical  detection scheme is shown a t  the r ight  of figure 1.  Only twa levels 

are involved. One fluorescence photcn is emitted each time one photon of 

the incident l ight beam is absorbed by a t m  in level 1 .  The life-time 

of the excited s t a t e  being very small, one may then detect several photons 

per atom i f  the l ight beam energy density is suff ic ient ly  large. This tran- 

s i t ion  is denoted a s  a cycling transit ion.  Furthermore, the number of pho- 

tons is proportional t o  the time spent by the atoms in  the l igh t  beam, and, 

consequently, t h i s  method provides a narrowing of the l ine .  

The configurations of figure 1 are included i n  the level energy diagram 

of the cesiwn atom, shown in figure 2 ,  i n  a simplified fonn. Taking into  

account the selection rule AF = 0 o r  + - 1 ,  one sees that  the levels F = 3 

and 4 of the grotlnd s t a t e  plus the level F' = 4 of the excited s t a t e ,  for 



instance, may be considered for  opt ica l  pumping and detection. The levels  F = 3 

and i:' = 2 ,  for  instance, may be used f o r  opt ica l  detection. I t  e x i s t s  several 

such configurations, corresponding t o  a nunber of  experimental arrangements. 

I n  f ac t ,  the  spectrwl is even more camplicated than shown i n  f igure  2,  because 

each hyperfine level  has 2F + 1 magnetic sublevels.  In  pa r t i cu la r ,  the  ground 

s t a t e  has a t o t a l  of s ixteen sublevels which a r e  equally populated a t  the 

atomic source e x i t .  

Tht most simple experimental set-up is sketched in figure 3. A s ing le  semi- 

conductor l a se r ,  a t  0.852 tun, i l luninates  a cesiun beam, on each s ide  of the  

Ramsey microwave cavity. A population difference is created in  the f i r s t  l i g h t  

atan in terac t ion  region and the microwave t r a n s i t  ion is detected in  the second 

one. In tha t  set-up, one of the  two hyperfine levels ,  F = 3 o r  4 of the ground 

s t a t e  is emptied t o  the  benefi t  of the other  one, i f  the l igh t  in tens i ty  is 

su f f i c i en t ly  large i n  the  f i r s t  interact ion region. The population o f  the  F = 3,  

% = 0 o r  o f  the F = 4,  m = 0 sublevel,  depending on the arrangement, becanes 
F 

1/8 of  the t o t a l  population of the  beam. This is twice what may be expected with 

magnetic s t a t e  selectors ,  which de f l ec t s  o f f  the  beam one o f  these mF = 0 

levels .  Figure 3 shows the microwave spectrum observed '8) with the experimental 

set-up of figure 3. 

Another in teres t ing  consequence of  the  se lec t ion  rules has been suggested by 

L. Cutler,  pointed out by Lewis and F e l h a n  and theore t ica l ly  investigated 

by de Clercq e t  a1 ('O). I t  affords the p o s s i b i l i t y  t o  t r ans fe r  the  population 

of the sixteen hyperfine magnetic sublevels of the ground s t a t e  t o  e i t h e r  the  

F = 3,  m = 0 o r  the F = 4, m = 0 level.  For instance, one l i g h t  beam tuned F F 
t o  the F = 3 (-3 F: = 4 t r ans i t ion  w i l l  populate a l l  the  sublevels of the s t a t e  

F = 4. The second l i g h t  beam, tuned on the  F = 4 (-3 F t  = 4 t r a n s i t i o n  w i l l  

emrty t h e  s u b l e v e l s  of t h e  s t a t e  F = 4 ,  w i t h  t h e  exception of t h e  sub leve l  F =  4 ,  

m , = O b  ecause the t r ans i t ion  F = 4 ,  mF = 0 cj F' = 4, mF = 0 is forbidden i f  
A 

the l i g h t  is l inea r ly  polarized, pqra l le l  t o  the s t a t i c  f i e ld .  I t  i s  then pos- 

s i b l e ,  i n  principle;  t o  concentrate a l l  t he  atoms on the  F = 4 ,  mF = 0 level ,  

fo r  instance, whose population becomes 100 % of tha t  o f  the beam. This major 

improvement has been experimental 1 y achieved in two experimental conf igura- 

t ions  (8' ll). I n  the f i r s t  one, the  detect ion i s  accomplished by a l i g h t  

beam derived from one punping beam, and i n  the  secmd one a t h i r d  laser is 

used f o r  the  detect ion by a cycling t r ans i t ion .  In t igure  5, one sees tha t  

the  f i e l d  depenlent AmF = 0 t r ans i t ions  have almost disappeared correspon- 



ding t o  an increase of the central  Rabi-Ramsey central  line. Figure 6 shows 

the central Rmsey fringe obtained in a three lasers configuration. 

b) ?respects 

Besides the simplification i n  the design and the manufacturing of the cesium 

beam tube, optical punping and detection methods have an impact on both the 

frequency s t a b i l i t y  and the accuracy of cesiun beam frequency standards. 

The short and rnediun tern  frequency s t a b i l i t y  measure, oy( r ) ,  is determined by 

shot noise, for T ; 1 day. I t  is 3pproximately given by : 

where I i s  the flux of detected cesiun atoms. The optical  pumping method is 

able t o  make the most eff ic ient  use of the cesium beam : 

- no atom i s  los t  by velocity dependent magnetic deflection 

- the atans of the sixteen sublevels of the ground s t a t e  can be accunu- 

lated on e i ther  the F = 3, % = 0 or  the F = 4,  mF = 0 level 

- wider beams may be used due to the absence of beam geometry limita- 

t ions by magnet pole piece separation and hot wire detector width. 

I t  is then very l ikely  that  the useful beam intensi ty  I may be increased by 

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

of about 10, so that  a frequency s t ab i l i t y  f igure approaching 

ilppears easible in manufactured units .  Figure 7 compares t h i s  frequency sta-  

bi l i  t y  with that  of examples of presently manufactured cesiun beam frequency 

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

optical punping and detection scheme and a proper design of the optical  detec- 

t ion region in order to  eliminate a s  well a s  possible spurious background l ight 

fpom the incident laser beam. 

S ~ ~ s t e w t i c  e f fec t s  may also be greatly diminished, thereby improving the long 

t e n  ; tabil i ty,  reproducibility and accuracy 

- the suppression of the f i e l d  dependent side-bands of the micruwave 

spectrum of the beam tube eliminates the frequency pulling by neighbouring 

iues ( 1 2 ) .  As rhe separation between t k s e  side-bands depends on the applied 

s t a t i c  ma$lletic f i e ld ,  t he i r  absence ~ ~ ~ O V J S  to  decrease its value and, conse- 

q~rnnt'iy t o  decrease th2 sens i t iv i ty  t o  ambiant magnetic f i e ld  changes. 

- the velocity distr ibution of the detected atoms is determined by the 



interaction t* with the l ight  beams and the c h s e n  method of optical  

detection. Well defined velocity distr ibution functions may be achieved (1 3) 9 

thus improving the knowledge of the second order Doppler effect .  

- 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 cesiun beam cancel the probability of Majorana 

transitions, suppress tk related frequency s h i f t  and ease the achievement 

af a bet ter  magnetic f i e ld  uniformity. 

- a better evaluation of tk coupling between tk velocity and the trans- 

verse position of atoms w i l l  enable a be t te r  averaging (I4) of the transverse 

phase sh i f t .  

- the cesiun beam may be designed synmtrical  with an on-axis cesiun oven 

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

phase shif t .  

The l ight  sh i f t ,  which is inherent t o  optical  methods is small here ( l S ) ,  be- 

cause the optical and micrmrtve interact ions do not occur a t  the same place. 

I t  may be measured and kept constant t o  about one part  in 10' 4. As a conse- 

quence of a decrease, or a bet ter  control of systematic frequency sh i f t ,  a 

frequency s t ab i l i t y  of the order of 1 x may be expected over a year. 

In addition, it is worth noting that  it is of prime interest ,  f r m  a fundamen- 

tal point of view, t o  realize the S.I. time wit by significantly different 

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

missed. 

Use of slow atoms increase the line quali ty factor -which is inversely propor- 

tional t o  the velocity- and thus lmprove the short and mediun term frequency 

s t ab i l i t y  (-r c 1 day) i f  the beam flux is not too m h  diminished. I t  a lso 

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

of the long term frequency s t ab i l i t y  and to  the accuracy. Slow atoms are a l -  

ready preferentially s t a t e  selected i n  one of the primary cesiun beam frequency 

standards ( 1 6 ) .  In the same line,  the interest  in  a fountain beam experiment (1 7) 

has been recently renewed . ~ssun ing  that  coll isions do not sca t te r  signi- 

f icantly the very sluw atans of a beam effusing fran a properly designed over 1 
i 

aperture, a possible accuracy of 10-' has been anticipated f o r  a machine, 

using 6 ms-' optically punped and detected C s  atoms. i 

Laser cooling is also studied ( 1 9 ~ 2 0 ) ,  with the hope t o  produce intense and i 
sufficiently well collimated beams of slow atoms. I 



3.2. Rubidiun Beam Frequency Standad 

One may consider the application of optical  w i n g  and detection methods t o  a 

mass 87 rubidiun beam (21), but using laser diode l igh t  sources instead of spec- 

t r a l  lamps (6'. T h  wavelength of the D2 resonance transit ion,  which i s  equal 

t o  780 nm, is we11 suited, because it corresponds to  that  of l igh t  sources 

developed for  the videodisc  industry. However, besides that  point, rubidium 

does not provide significant advantages for  improved frequency standards . 
- I t  has 8 hyperfine sublevels in the ground s ta te ,  instead of 16 for  ce- 

siun, but in both cases, then may be transferred to a single mF = 0 by double 

wavelength optical pmping. 
- I t s  mass is smaller than that  of cesiun. The line-width on the one hand 

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

l y  wo?-se than fo r  a cesiun beam. 

4. MQIJESIW BEAM FREQUENCY STANZARD 

A s  a consequence of t he i r  tm, valency electrons, earth alkaline atans have 

singlet  and t r i p l e t  states.  The ground s ta te ,  ' s o ,  is a singlet .  Thc f i r s t  
J t r i p l e t  s ta tes ,  POPI ,2 shown in the simplified energy diagram of Fig. 7 ,  is 
1 1 3 metastable. The So C+ Po and the So <+ P2 t rans i t  ions are forbidden, for  

1 3 even isotopes, but the S P1 transit ion is s l igh t ly  allowed. Consequently, 0 7 
3 a large population difference may be created between the P f ine structure levels 

3 (41 by spontaneous decay of tk PI level . 
3 3 The fine structure sp l i t t ing  is rather large. The PI p ones of Mg (22,23, 

0 
24) and Ca a re  the smallest. They are given in Table 2 ,  as well as the l i f e  time 

3 
(") of the P level and the wavelength of the fluorescence l ight .  

1 

In a magnesim or  a calciun beam frequency standard, the metastable 3~ 
0,1,2 

levels are created i n  a discharge. A t  a distance downstream, which is of the 
3 order of 1 m for Mg, for  ins tawe,  the population of the PI level is depleted 

3 by spontaneous decay. The dipole magnetic f ine structure 3 ~ 0  t-, P1 transi- 

t ion is induced in a sub-millimeter cavity, so that  the level 3 ~ 1  is reple- 

nished. The f ine  structure transit ion is then monitored by the intensity of the 

fluorescence l ight which is emitted by the beam, a f te r  its passage in the ca- 

vity. As usual, the resonance signal is processed t o  enable the frequency con- 

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

been successfully operated ("I, with a Rabi-type cavity a t  the present time. 



With a Ramsey type sub-millimeter cavity, the  sho r t - t en  frequency capabil i ty 

of such a device would be (24) : 

I 

for  n~agnesiun and 10 times bet ter  fox calcium. This is mainly due i )  t o  the 
9 

high value of the l i ne  Q, of the order of 10 , although limited by sponta- 
3 

neous decay of the PI level and i i )  t o  the possibi l i ty  t o  use wide atomic 

beams. 

The very low sensi t iv i ty  t o  magnetic f i e ld s  and the absence of neighbouring 

transit ions are  positive points. But the long t e n  s t ab i l i t y  , the reproducibi- 

l i t y  and the accuracy are limited t o  the level by the second order Doppler 

effect  (26) which is rather large due to  the large velocity of l igh t  atoms for- 

ming a beam fran a high temperature oven. I t  amounts t o  2.5 x low1 for  magne- 

siwn. 

A magnesiun beam machine must be several meters long t o  a l l w  a suff ic ient  decay 
3 of the P1 level a f t e r  the discharge region, and an eff ic ient  collection of the 

fluorescence l ight  a f te r  the cavity. The length requirement is about 10 times 
3 l ess  with Ca, according t o  the  smallest l i f e  time of the PI level. The genera- 

t ion of the large interrogation frequency nay cause technical problems. 

5. WBIDILM CELL FREQUENCY STNARDS 

Spectral lamp optically pumped rubidium c e l l  f reqwncy standards are popular 

i n  applications where good short term s t ab i l i t y ,  but re la t ively  poor lon: term 

s t ab i l i t y  are compatible with small size,  small power consunption and low 

cost . 
A buffer gas i s  introduced in  the c e l l  containing mass 87 rubidiun atoms to  

enhance the optical punping efficiency . Nitrogen quenches rubidium a t n s  

i n  t.he excited s t a t e  so that  they make a non radiative t ransi t ion t o  the ground 

s ta te .  Otherwise, the fluorescence l ight ,  which contains both hyperfine compo- 

nents, would decrease the attained population difference. In addition, the slow 
(28) diffusion of atoms in the buffer gas greatly reduces the Doppler broadening , 

without requirement on the size of the c e l l  compared t o  the microwave wave- 

length, so that  the Doppler f ree  hyperfine t rans i t i cn  can be observed with a 

ce l l  f i l l i n g  the microwave cavity 2:. 

- 
:: I n  that case, .the mictoluave c a v i t y  ib noX nece6bmif. Th.i4 Dopplet 64ee &an-  
d a o n  may be obbehved i d  t h e  c e U  & phced h~ a & a v U n g  wave at t h e  h @ a -  
dine ZkanbLZion bhequenc y. 



I 
? 

With a laser l ight source the optical  punping efficiency is highly increased, 

due t o  the much larger energy density a t  the proper wavelength. I t  would then 
1 be possible t o  suppress the buffer gas, provided i) that  the c e l l  does not 

extend t o  regions where the phase of the  standing micrwave magnetic f i e ld  is 
i 

reversed and i i )  that a wall coating prevents strong relaxation on the glass 

wall. The great advantage would be tht! elimination of the large s ize  buffer 

gas frequency s h i f t  and ,mainly, of the inhomogeneous l ine  broadening effects 

causing large power frequency sh i f t s  (28bis) due to  the absence of motional 

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

fects  are produced by the progressive absorption of l ight  along its path in  

the ce l l ,  causing a distributed l ight  sh i f t ,  and by inhomogeneous magnetic 

f ield.  In thiit event, the buffer gas frequency s h i f t  would be replaced by a 

noticeably smaller wall sh i f t .  

One may then expect that  the larger resonance signal increases the short term 

frequency s t ab i l i t y  and that the reduction of frequency offsets  improves the 

medium and long term frequency s tab i l i ty .  This assunes i) that  the optical  

wavelength i s  tuned t o  tha t  of the " l ine ,  so that the l igh t  sh i f t  :IPS t o  

zero and i i )  that the amplitude and frequency noises (29) of the laser  is  suf- 

f ic ien t ly  reduced so tha t  they are not transduced into fluctuations of the f re-  

quency of the hyperfine transizion. In the event that these requirements cannot 

be fu l f i l l ed ,  it would be possible to  eliminate l ight  s h i f t  related e f fec t s  by 

performing sequential optical  punping and by observing hyperf ine trans it ion 

"in the darkt1. 

Optical punping of the rubidiun maser by diodes may be considered as  well, but 

with the same limitations. 

6 THE HYDROGEN MASER 

6.1 . Standard Size Hydrogen Maser 

The standard size hydrogen maser usually includes a TEOll microwave cavity, 

resonating a t  1.42 (3Iz, with a thin  walled teflon coated storage quartz bulb, 

A typical s ize  i s  12 x 7.7 x 5.3 d. The device is able t o  sustain a sel f -  

oscillation, so that  it is said active. 

The standard size hydrogen maser is the most s table  atomic frequency stan- 

dard (30), a s  shown in Fig. 9. The mediun tern freqmncy s t ab i l i t y  10 s < r < 

1 b u r  is determined by the t h e m 1  noise i n  the micrmave cavity. We have : 



where k is  Boltzman constant,  T the  absolute temperature of the cavity,  Q the  

atomic line-width and P t,he power delivered t o  the  microwave cavity by the ny- 

drogen atoms. K1 i s  uni ty  f o r  ac t ive  masers. An optimization of the operating 

parameters i s  possible (31 ) but would only improve very s l i g h t l y  the frequency 

s t a b i l i t y ,  a s  shown in Fig. 10. 

Short term frequency s t a b i l i t y  (T < 10 s )  is mainly determined by the noise 

added i n  the f i r s t  s tage of the microwave receiver. We have, approximately : 

kT 1 
o ( T )  ' K2 (T) - -  

Y ' T 
(6) 

T is the  noise temperature of the  receiver and K2 is a ccnstant which depends 

on the noise bandwidth. 

The long term frequency s t a b i l i t y  ( T  > 1 hour) is determined by environmental 

e f fec t s ,  which a r e  mainly related t o  the cavity pull ing e f fec t  (32,331 I f  

necessary, it would be possible t o  operate a f a s t  autotuning system (34) to 

keep the resonant frequency of the cavi ty  under control ,  thereby improving the  

long tern  frequency s t a b l l i t y  f igure  t o  qalues of the order of lo-'' without 

degrading the  short and medium t e n  s t a b i l i t y .  

The accuracy of the hydrogen maser is  st i l l  limited by the lack of reproducibi- 

l i t y  of the wall s h i f t .  The bes t  achieved accuracy (35) is 6 x 10-l3 in a stm- 
dard s i ze  maser. I t  seems d i f f i c u l t  t o  improve it with tef lon coatings. How- 

ever, t h i s  is be t t e r  than the accuracy and the reproducibil i ty of presently 

manufactured cesiun beam frequency standards. This does not cause serious 

problems in the main f i e l d s  of application of the standard s i z e  hydrogen maser 

i. e. : very long base l i n e  radio-interfermetry and navigation. 

6.2. Small Size Hydrogen Masers 

The key of s ize  reduction i s  a decrease of the microwave cavity dimensions, 

its resonance frequency being kept equal t o  1 -42 GHz . This is achieved by using 

properly disposed d i e l e c t r i c  materials (36) o r  conductors (37,381 as in 
3 Fig. 11.  The achieved size of the maser is then of the order of 6 x 5 x 3.5 dm . 

However, tile presence of materials  in the  cavi ty  increases the losses and the  

quali ty factor  becomes smaller t l a n  10 000, which does not enable se l f -osc i l -  

l a t ion  to  occur anymore. The small size hydrogen masers may then be operated in 

two di f ferent  ways : either passively (39) o r  ac t ively  (40) . In the l a s t  case, 

electronic feedback is used t o  enhance the cavity qua l i ty  fac tor  above osc i l -  



lation threshold. In both circumstances, the frequency s t ab i l i t y  i s  given by 

Eq. 5, but with I$ larger than unity. The achieved frequency s t ab i l i t y  is very 

good (41 (42). Fig. 12 shows the result  obtained with a passively operated small 

size hydrogen maser of a particular design. The short and mediwn t e n  frequency 
s tab i l i ty  may st i l l  be improved by proper optimization of tk operating para- 

meters (31), as shown in  Fig. 10. The long term s tab i l i ty  happens to be excel- 
1 ent (42), of the order of 3 x 10-' for  r = 10 days, althollgh the t h e m 1  

coefficient of the loaded cavity is large. This shows that the achieved long 

t e n  s tab i l i ty  is due t o  thz operation of an efficient electronic control of 

the cavity. 

Actually, the snall size hydrogen maser realizes an excellent trade-off bet.- 

ween performance and size. 

6.3. Cold Hydrogen Maser 

The interest  t o  cool the hydrogen maser has been recognized early i n  the his- 
toiy of th i s  device. I t  was motivated by two different but complementary rea- 

sons : i) since the achieved short and medium t e n  frequency stabi- 

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

d i m  tern s tab i l i ty  (43), as shown by Eq. 5 and 6 ind i i )  cooling provides a 
cans of studying the properties of the wall coating (44'45) a..d to search for 

naterials having m r e  reproducible properties than tef lon a t  room temperature. 

In that respect, the following materials have been studied : FEP 120 teflon 
down to  48 K (44-46) a d  tetrafluommethane between 50 and 25 K (47) 

A t  approximately the same time, fundamental studies aimed to  achieve Bose- 

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

zed hydrogen atoms were engaged in several laboratories. This led t o  infor- 

mation on tk interaction of hydrogen atoms with molecular hydrogen surfaces 

around 4 K (49950). A very significant breakthrough occured when it was dis- 
3 4 covered that He and He fihns are able t o  contain a high density of polarized 

hydrogen gas below 1 K (51 1, 

This result  opens very promising prospects for a cryogenic hydrogen maser fre- 

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

3 4 - the binding energy of H on a He o r  a He surface is 0.4 K o r  1 . I  5 K, 
respectively, thus allowing low enough recombination rates a t  the surface a t  

temperatures below 1 K. 



- tire t o t a l  pressure sh i f t  in the gas plus wall sh i f t  shows a minimun 
3 4 around 0.2 K for He and 0.5 K fo r  He. The frequency s h i f t  in a 15 an diame- 

t e r  storage bulb is then of the same magnitude than with teflon a t  room tern- 

perature . 
- the he1 iun film is hanogeneous and of high purity, a d  the pressure of 

the helium gas can be controlled well emugh to  expect a fractional frequency 

s t ab i l i t v  of the order of 10-18. 

- the spin exchange 3 l ine  broadening effect  is 10 times smaller a t  

very low temperature than a t  room temperature. This allows larger osci l la t ion 

power t o  be obtained. 
- tk cavity pulling effect  should be drast ical ly  reduced because materials 

have a very low expansion coefficient a t  low temperature and because it i s  pos- 

s ible  t o  operate tk cold maser a t  low values of the cavity quali ty factor. 

- slow hydrogen atoms issued from a cold hydrogen source may be very 

easily s t a t e  selected. 

- magnetic shielding may be provided by superconductive materials. 

- cooled GaAs FET amplifiers are available with noise temperature of 

10 K. 

From these statements, a fractional frequency capability of 2 x 10-l8 for  r > 
3 10 s is anticipated '52). One may add that the pressure and the wall sh i f t  

been assuned reproducible, the accuracy should be very significantly increased 

too. 

However d i f f icu l t ies  a r i se ,  which are  related t o  the background pressure of 
4 ~ e  a t  0.5 K, for  instance, giving a mean free  path of 1.4 an. A means t o  

introduce the hydrogen gas i n  the storage c e l l  should be found. In addition, 

the motional averaging effect  occuring in  conventional hydrogen masers disap- 

pears which may cause severe requirements on the magnetic f ie ld  homogeneity. 

7 .  ION STORAGE 

I t  i s  known, since several tens years that  one may s tore  charged par t ic les  

i n  e lec t r ic  and magnetic f ie lds  (53) (Penning trap) o r  i n  a mdiofrequency 

e lec t r ic  f i e ld  (54) (r. f . trap) . Storage may occur for  hours, and the interest  
3 + of t h i s  technique for high resolution -microwave spectroscopy, of He a t  f i r s t ,  

has been demonstr8ted by Dehnelt (55) 
I 

I t  has been proved that  it is possible to  use a hyperfine structure transit ion,  I 

I ,  
that  of the mass 199 mercury ion, t o  realize an experimental model of a fre- I 

I 



W e x y  standard using ions stored i n  a radiofrequency trap (56-59) 

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

rriercury ions frequency standard and we shall give indications on the potentia- 

l i t i e s  of stored cooled ions (60 ) 

7.1. Storage in  a r.f. Trap 

Let us consider the three electrodes system and the applied vo:.tage shown in 
Fig. 13. Assuming that  the electrodes have the proper hypcrboioir? shape, the 

axial  and transverse components of the e1ectri.c f i e ld  are proportlonsl to  the 

distance from the center 0 of the t rap,  but they have opposite s i ~ ~  If the 

voltage is a constant, a charged par t ic le  w i l l  be suhnitted t o  . - ilsive 

force either in the axial  o r  the transverse direction,  according j 7s sign, 

and no storage may occur. 

The s i tuat ion is different i f  the voltage is a l t e r n a t i n g ,  with frequency vc. 

The e lec t r ic  f i e ld  forces a motion a t  the frequency v whose amplitude is c ' 
sinall. It is called the micromotion. This motion is approximately sinusoidal . 
As shc i i  in  Fig. 14, the axial  and transverse micromotions are out of phase 

because the two components of the e l ec t r i c  f i e ld  have opposite signs. In i t s  

motion, the par t ic le  explores the e lec t r ic  f i e l d  and, due to  i ts non-imifor- 

mity, the acting e lec t r ic  force is not sinusoidal. I t  follows that  it  has a 

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

t r ac t  the par t ic le  towards the center of the trap. This central force imposes 

another harmonic motion of larger amplitude called the sec i la r  mot ion. I t s  

frequency vS is in  general noticeably smaller than v . I f  the inner dimensions 
C 

of the t rap are of the order of 1 an, vc equals 200 kHz and has an amplitude 

of 100 V, then vs i s  of the order of 20 4Hr for  the mercury ion and the ampli- 
I 
I 
I tude of the macromot ion is of the order of a few mn. Therefore, within con- 
! 

dit ions (61) which have m t  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 that  a stored ion cloud is very d i l u t e  as  a conjequence of 

the Coulomb repulsive forces leading t o  the so-called space charge effect .  
I Usually the ion density is  limited t o  about lo6  per cubic centimeter. 
I 
I 

t Assume now that  the ions are irradiated by an electromagnetic wave a t  frequen- 
I 
-I 
I 



c y  v . According t o  titeir harmonic mot ion, they w i l l  see a Doppler frequency 
0 

modulated wave canposed of a c a r r i e r  a t  frequency v and side-bands separated 
0 

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

c lose  t o  the  rrequency vo, only the  c a r r i e r  component of the  wave w i l l  be ef- 

fec t ive  and the condition o f  high resolut ion Doppler f r ee  spectroscopy is net. 

These principles a r e  implemented in the  mercury ion frequency standard, f o r  

instance. 

7.2. The Mercury Ion Frequency Standard 

'The mass 199 mercury ion has a hyperfine s t ruc ture  i n  the ground s t a t e  shown 

i n  Fig. 15. One has I = 1/2, and the hyperfine s t ruc tu re  is a s  simple a s  that  

of  the  hydrogen atom, but the hyperfine separation is large, equal t o  about 

40.5 Qlz  (see Table 1 ) . The hyperfine t r a n s i t  ion is observed by conventional 

op t i ca l  punping techniques owing t o  a favorable isotope s h i f t  of  the  mass 202 

mercury ion. The experimental sot-up is shown i n  Fig. 16. A lamp f i l l e d  with 

202 Hg emits tk resonance l i g h t  of the  ionized mercury a t  194 im. This 1 ight 

is se lec t ive ly  absorbed by those stored l g 9 ~ g +  iorw which a r e  in the  F = 1 

hyperfine level .  This level  is depopulated t o  the  bznefi t  of  the F = 2 level  

and the  in tens i ty  o f  the fluorescence l i g h t  is weak. I f  now the microwave 

t r a n s i t i o n  a t  40.5 GHz is induced, the  level  F = 1 is replenished and the  

in tens i ty  o f  the fluorescence l igh t  Increases. This in tens i ty  is used to  mo- 

n i t o r  the microwave hyperfine t rans i t ion .  Fig. 1 7  shcws a power broadened 

r f i n e  resonance pat tern,  corresponding t o  a l i n e  qual i ty  f ac to r  of 5 x 

10 . The high value of the  qua1 i t y  f a c t o r  compensates f o r  the  r e l a t i v e l y  p o w  

signal  t o  noise r a t i o .  A quartz c r y s t a l  frequency source Ins been frequency 

locked on such a t r ans i t ion  and a short  term frequency s t a b i l i t y  (10 s <- r < 

3500 s )  of 

-11 - 1 / 2  u y ( ~ )  = 3.6  10 r 

has been obtained I t  is shown i n  Fig. 18. 

A s u b s t a n t i a l l y  nar rower  l i n e ,  0.85 H z  wide,  has been ach ieved ,  i n  a d i f f e r e n t  

set-up (59862) where t h e  l i g h t  broadening and frequency s h i f t  a r e  eliminated 

by switching off periodical ly the  pumping l i g h t  and by interrogating the  m i -  

crowave t r ans i t ion  in the  dark. 

Stored ions have a r e l a t i v e l y  la rge  k i n ~ t i c  energy of about 1 cV and, conse- 



quently a large second order Doppler sh i f t ,  of - 5 x lo-' per eV i n  :he case 

of mercury. Models for the effect  of the ion number, i .e. of the space charge 

effect  on the ion motion and the ion kinetic energy have been established 

(62p63). This has led to  a measurement of the ion kinetic energy (63) and t o  

the extrapolation to  zero Doppler sh i f t  of the hyperfine transit ion frequency 

i n  a mercury ion cloud cooled by viscous drag with helium (62) . The cooling 

gas is efficient under very low pressure, of the order of lo-' Torr, for  which 

the pressure sh i f t  is about 6 x 10'14. 

The short and me&-m term capability of thr: mercury ion frequency standard is 

of 10-l2 ,-'I2 about '62'64). A long term frequency s t ab i l i t y  of 2.2 x 10'14 

and an accuracy of 2.5 x 10-I are  anticipated . 
The mercur - 'an frequency standard can be bui l t  smaller than the presently 

manufactbred cesiun beam frequency standard. I t  is then a potential competitor 

of this device. However, technical problems related t o  the life-time of the 

20kgt lamp and to ths  control of the pressure of the background neutral mer- 
cury remains t o  be solved. 

7.3. Microwave Spectrcscopy i n  Radio f requenc y Traps 

The ground s t a t e  hyperfine sp l i t t ing  of several ionized elements has been 

measured, with a precision of the order of 10-lo using the r . f .  t r ap  storage 

technique and a prlsed dye laser for optical w i n g .  They are 3S~a t  (493 ran) 

a t  7.18 GHz (65), 37Ba+ (493 nm) a t  8.04 GHz (66)  and 'Yb+ (369 nm) a t  

12.6 CHz (67), where the quantity within parenthesis is the wavelength used 

for optical pmping. A fractional linewidth up t o  3.8 x 10'' has been obtained 

i n  such experiments, which shows their interest  i n  the f i e ld  of atomic frequen- 

cy standards. An experimental set-up has been realized in which a quartz crys- 
t a l  osci l la tor  has been frequency locked t o  the hyperfine t ransi t ion of 1 37Ba+ 

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

quency standard is the requirement of a pulsed dye laser,  a t  least  a t  the pre-, 

sent time. 

7.4. Ion Cooling 

In the absence of any collision, stored ions have an agitation energy which is 

larger than the room temperature + ' - n n q l  energy, especially i n  r .f .  traps. As 

stated previously, coll isions  wit^, the atoms of a rarefied l igh t  gas are 
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efficient t o  thermalize ions (61'69'70), in  a r.f.  t rap with the additional 

benefit of a? increase of the stored ion number and of the i r  storage t a e .  

However, the most eff ic ient  cooling is by means of side-band laser irradia- 

t ion (71 $72) which takes advantage of the Doppler effect .  4 schematical expla- 

nation is the fol l~wing.  h e  to  the h a m n i c  motion in a t rap,  the absorption 

spectrum of the storsd ions shows lower and upper sidebands. An ion can absorb 

a photon whose frequency, v coincides with a component of the lower sideband. L 
We then have vL < vo, where vo i s  the transit ion frequency of the ion a t  res t .  

By spontaneous mission,  t i l c  excited ion w i l l e m i t  a photon, with the frequency 

v in the average. In that process the ion looses the energy h(vL - v,) which 
0 

decreases i ts kinetic energy. This process requires ar! ion hv ing  a short l i f e  

time of the excited level in  order to  enable a large number of such cycles 
+ 

every second. Efficient cooling has been demonstrated, using Mg ions, e i ther  

(73,74) o r  a r . f .  t r ~ ?  
+ 

in  a Penning trap (75), o r  using ~a ions in a r . f .  
f 7 L  \ 

trap ""). Temperatures as low as 5 mK have been observed with a single stored 

&kt ion (75). Due to zero point energy, the lowest at tainable temperature i s  of 

the order of 

1 
T - 2 b y/k (8) 

where y is the natural linewidth of the transition. Typically, we have T 

1 mK. ; 
f 

One of the most impressive recent achievement has been the observation and the 
! 
1 

+ 
spectroscopy of single stored cooled Mg + (75977) and Ba ions (78) 

i ;. 

1 - * 

7.5. Frequency Standards with Cooled Stored Ions 

Precision microwave spectroscopy of 'hgf ("I an2 ' Be + (80) ions confined in 
a Penning t rap  and laser cooled has been accomplished. Tn that  experiments the 

magnetic f i e ld  was stabil ized to  a value for  which some of the hyperfine tran- 

s i t ions  show a minirnun. 

Following these experiments, a laboratory microwave frequency standard using 
9 + 
Be ions has been investigated (81). Approximately 300 ions are  stored in  a 

Penning trap a t  a magnetic f ield of 0.82 T and laser  cooled with a laser  beam 

a t  a wavelength of 313 nm This laser beam is produced from the output of a 
sirlgle mode dye laser by the frequency doubling technique, i n  a non linear 
crystal .  Although the t r ans i t  ion frequency i s  small, equal t o  approximately 



300 MHz, i n  that  experiment, the very long storage time enabled to  achieve 

a line-width a s  small as  10 mHr, and a l ine  quali ty factor of 1.2 x 10'' has 

thus been obtained. A quartz crystal  osci l la tor  locked t o  a t ransi t ion of the 

hyperfine manifold has a frequency s t ab i l i t y  given by : 

for  400 s < T < 3200 s, of the same order a s  achieved in  manufactured cesiun 

beam frequency standards. 'The magnetic f i e ld  ins tab i l i ty  contributes an un- 

certainty of 3 x 10-I in t h i s  experiment and the second order Doppler sh i f t  

i s  - 5 x l d 4  only, due to  the cooling. 

Ion storage in a r.f.  t rap o r  a Penning t rap  has proved t o  be a promising tech- 

nique for frequency standad applications. T h  r .f. trzip is best suited t o  the 

realization of a portable clock. Laser cooling affords the possibi l i ty  of a 

drastic reduct ion of velocity dependent frequency sh i f t s ,  and of the most 

annoying of them, the second order Doppler frequency sh i f t .  In addition, the 

related very small spatial  extension of the ion motion reduces the effects  of 

magnetic f ie ld  homogene'ity, accordingly. However, laser  cooling is tributary 

upon suitable coherent C.W. l ight  sources adapted t o  ions having a favorable 

energy level diagram, and it can be contemplated fo r  Laboratory f reque~cy  

s t a d a r d s  only. In that respect, a mass 201 mercury ion frequency standard is 

being studied (82). The required wavelength, a t  194 nm has been coherently 

produced (83). A frequency s t a b i l i t y  bet ter  than 10 -16 -'" and an accuracy 

better than lo-'' are  expected. Another similar pmposal refers t o  the use 

of 137Ba+ (84) 

Altlmgh t h i s  is out of the scope of t h i s  paper, it should be mentionned 

that laser cooled stored ions are being considered for  optical  frequency stan-- 
4 dards (85'86). A t  optical frequencies, which arz roughly 10 times larger than 

microwave frequencies, the l ine  quality factor and, therefore the performances 

should be greatly enhanced. The most fascinating proposal is by Dehnel t (87) 

He considers a single ion stored in  a r .f .  trap, such as  the 205~1*  ion .hose 

spectrwn contains both a wide l ine  and a very narrow l ine  sharing i n  comnon 

one energy level. The very narrow l ine  is used a s  the frequency reference 

feature. The broad l ine,  corresponding t o  a short-lived excited s t a t e  is ~ s e d  

for  eff ic ient  laser cooling and a s  a cycling transit ion providing about 10 6 



photons each time the narrow l ine  transit ion is  induced. This yields an opti-  

cal  resolution capability of 1 part in 1 018. Lbwever , optical  frequency gene- 

ration and synthesis mst be greatly improved, mainly i n  the IN part of the 

spectnm before such a potentiali ty can be experimentally ver i f ied. 

8. CONCLUSION 

I t  then appears that the performances of atomic frequency standards are  oper t c  

significant improvement. Table 3 summarizes the potentialities:: of some of the 

considered devices. 

The cold hydrogen maser and the cooled trapped ions frequency standards using 

storage techniques show the best prmise of frequency s t ab i l i t y  improvement. 

In a t rap  the storage process does not involve coll isions e i ther  with a wall 

or a buffer gas. For cooled ions, almost a t  rest  a t  the center of the trap,  the 

confinanent related frequency sh i f t s  are e i ther  extremely small (effect of the 

e lectr jc  f ie ld)  or calculable with a great precision (effect of the magnetic 

f ie ld) .  I t  follows that the expected accuracy is impressively good. The cold 

hydrogen naser and the cooled trapped ions frequency standards k i l l  be suited 

t o  applications in the f i e ld  of fundamental research (experimental verifica- 

ti.09 of Relativity theories, search for  gravitational waves), t o  deep space 

navigation or  t o  fundamental metrology. 

Other devices such as the optically pumped portable cesiun beam frequency 

standard, the small size hydrogen maser, the mercury ion frequency standard 

and the rubidium frequency standard have frequency s t ab i l i t y  capabi l i t ies  

very significantly better than achieved a t  present. T h y  w i l l  remain of 

d e r a t e  size and cost and they w i l l  certainly find a nunber of technical ap- 

plications such a s  in  navigation systems. 

I t  is worth reminding that a p ~ l i c a t i o n  of ~ p t i c a l  methods t o  laboratory pr i -  

mary ccsium beam frequency standards is being studied in  a n~nbe r  of labora- 

tor ies .  This is of prime importance t o  verify that  two different designs of 

tk realization of the definit ion of the time unit ,  one using magnetic s t a t e  

selection and the other optical punping and detection methods, yields the 

same result .  

2: The lLLLtlZal~ i 4  m.t 6- enough w U r  R b  dockd .to give p w i n e n t  6 igwra 
doh tkib device.  
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TABLE 2. Property  o f  f i n e  s t ruc ture  t r a n s i t i o t ~ s  i n  magnesium and 
3 3 calcium. v i s  the frequency of t h e  PI *-, Po f i n e  

0 3 
s t ruc ture  t r a n s i t i o n ,  T i s  t h e  l i f e - t i m e  of t h e  P, 

3 1 '  1 eve1 and h i s  t h e  wave1 engt h o f  t h e  P1 ,2 ,3  -+ So 

f l  uorescence 1 i g  h t .  
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Electrodes o f  a ion  t r a p ,  assuming a hyperbolo7d shape. 

Fig.13 



for r:O Er(t) /for r=ro {22;;o ";z; 

Radiofrequency t r a p  : o r i g i n  of t h e  a x i a l  ( l e f t )  and t ransverse ( r i g h t )  

confinement forces. The i a o i c  charge i s  assumed posi  t i u e .  

'rcp : pe r i od i c  v a r i a t i o n  o f  t he  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  = zo and o f  t h e  t ransverse e l e c t r i c  f i e l d  a t  p o i n t  r = ro and 

z = o  
Midd lc  : Forced mot ion (micromotion) of t h e  i o n  i n  t h e  v i c i n i t y  o f  t he  

considered po in t s  

Bottom : Due t o  t he  e l e c t r i c  f i e l d  inhomogeneity, the  v a r i a t i o n  o f  th. 

a x i a l  and t ransverse components of t he  e l e c t r i c  force i s  not  s i -  

nusoydal. I t  f o l l o w s  t h a t  the mean va lue o f  t h i s  f o r c e  i s  n o t  

zero and i t  i s  d i r ec ted  towards t he  center o f  t h e  t rap .  I t  y i e l d s  

t he  macromotion. 



Simpl i f ied energy diagram o f  199~gt  and 202Hg+ 

Fig.15 
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199 t Power broadened hyperf ine  resonance 1 i n e  o f  Hg . 
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QUESTIONS A N D  ANSWERS 

STUART CRAMPTON, WILLIAMS COLLEGE: I h a v e  s a v e d  m o s t  o f  my con?- 
m e n t s  f o r  t o m o r r a w ,  b u t  I w o u l d  l i k e  t o  m a k e  two 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  5 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 .  S o  t h e r e  a r e  some 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  of d e v i c e .  

K R .  AUDOIN: Yes, a t  t h e  low 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  is 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 QEINHARDT,  HUGHES 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 ~ .  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 .  AUDOIN: Yes, 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 ,  t 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 s  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  is  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  gcj 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 .  HELI.WIG: 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 es t  o f  t h e  c e n t u r y ?  

M R .  AUDOIN: Yes. T h e  p r e s e n t  l e v e l  c f  p e r f o r m a n c e  o f  laboratory 
c e s i u m  s t a n d a r d s  is b e t w o 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  my  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 n !  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 KNOWLES, NAVAL RESEARCH 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  s 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  i t ' s  a  t r u e  c l o s e d  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  w h e t h e r  l o n g  term 
p r e c i s i o n  may 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 R .  KNOWLES: A s  I s a y ,  i n  a  s e n s e ,  I am 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  I w a n t e d  t o  s a y  t h a 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 e n  h e  c a n  c l a 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 .  

M R .  AUDOIN: Okay ,  t h e s e  t e c h n i q u e s  a l l o w  c o m p a r i s o n  o f  s t a n d a r d s .  




