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Atomic Clocks -  Past, Present, and  Future
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-
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   Atomic  Clocks have become  ubiquitous  in modern  electronic  systems.  Modern  navigation

systems,  such  as  the global positioning system  (GPS), and  wide-bandwidth  communication

systems  are examples  of  two  systems  that cannot  exist without the long-term

frequency-stability offered  by atomic clocks.  Commercially available  atomic  clocks  range

from Rubidium based oscillators, which  cost  around  $1,OOO with thousands of  units per year

produced, to Hydrogen masers  costing  $250,OOO with  a yeariy production of  a handfu1.

Finally laboratory based atomic  clocks  using  sophisticated  laser-cooling techniques have been

built in a  few laboratories around  the world.  These premier atomic  clocks  offer fractional

frequency accuracy  at the 1O-15 level, equivalent  to one  second  in 31 million  years.

   Laser-cooled atomic  clocks  are  also  being developed fbr flight aboard  the International

Space Station (eg. the NIST!NASA/JPL  PARCS  and  the ESA!ACES  projects) where  they

promise to deliver frequency accuracy  of  ctrl.fr5  × 1O'i7. Even more  exotic  atomic  clocks  are

being developed in laboratories with  potential accuracies  at the 1O-i8 level.

   The underlying  physical principles that govern al1 of  these clocks  will be illustrated. The

basic structure of  many  of  these atomic oscillators will be presented along  with  some

discussion ofthe  trade-offs inherent in all ofthese  designs.

   In particular, the laser-cooled primary frequency standards  such  as  NISTLFI and  PTB

CS-Fl will  be the subject  of  detailed examination.  An  exarnination  of  this type of  frequency

standard  will require  a short discussion of  laser-cooling. The laser-cooling process used  in

NIST-Fl allows  the temperature of  the cesium  (caesium) atoms  used  in the clock  to be

lowered from room  temperature (300K) to 1 pK: a  reduction  ofthe  thermal energy  of  almost

9 orders  of  magnitude!  These very  low energy  cesium  atoms  obtained  through laser-cooling

are  crucial  to the operation  of  a  frequency standard  with  an  accuracy  equal  to or  better than

the 10'iS level. The relatively  detailed description of  NIST-Fl, along  with  the previous

presentation of  the more  traditional atomic  clocks, will allow a discussion ofthe  PARCS  and

ACES  atomic  clocks  scheduled  to be flown  aboard  the ISS in 2005.
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  Finally, the current  state of  the art of  new  standards  based on  optical  transitions will be

presented. I'hese optical standards based on  transitions with  frequencies on  the order  of 1Oi5

Hz as opposed  to the 10ie Hz hyperfine transition frequencies typical of  existing atomic

clocks, are being actively  developed in many  standards  ]aboratories around  the world.  They

are quickly approaching  the accuracy  ofthe  very  best hyperfine transition atomic  clocks  and

the future promise ofthe  optical clocks  is bright.

----------------v--v------.--!----------------------------""---------r"r------

NIST: NationallnstituteofStandardsandrlbchnology

NASA:  NationalAeronauticsandSpaceAdministration

JPL: jet Propulsion Laboratory

izaRCS; Primary Atomic Reference Clock in Space

ESA: European Space Agency

ACES:  AtomicCiockEnsembleinSpace

NIST:-F1 : NIST  FoUrrtain Clock #1

PTB: Physikalisch [[lechnische Bundestanstalt (in Germany)

CS-Fl : Cesium  Clock Fountain #1 at PTB

ISS: International Space Station
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