
IEEE  TRANSACTIONS ON ULTRASONICS.  FERROELECTRICS. A N D  FREQUENCY  CONTROL.  VOL 37. NO 6. NOVEMBER 1990 515 

Progress  at NIST Toward  Absolute  Frequency 
Standards  Using  Stored  Ions 

D. J .  WINELAND, J .  C. BERGQUIST, J .   J .  BOLLINGER,  W.  M.  ITANO,  D. J .  HEINZEN, 
S .  L.  GILBERT, C. H.  MANNEY, AND M .  G .  RAIZEN 

Absfrcrcl-Experiments at NIST, whose  goal  is  to  realize  frequency 
standards  of  high  accuracy  using  stored  ions,  are briefly summarized. 
In  one  experiment, an RF oscillator  is  locked  to  a  nuclear  spin-flip 
hyperfine  transition  (frequency = 3.03 X 10’ Hz) in 9Be+  ions that 
are  stored in a  Penning  trap  and  sympathetically  laser-cooled.  Stability 
is better than 3 X lo-’* T-(’”) and  uncertainty in Doppler  shifts  is 
estimated  to  be less than 5 X In a  second  experiment,  a  stable 
laser  is  used  to  probe  an  electric  quadrupole  transition  (frequency = 
1.07 X l O I 5  Hz) in a  single  laser-cooled  ‘99Hg+  ion  stored  in  a Paul 
trap.  The  measured Q value  of  this  transition is approximately lo”. 
Future  possible  experiments  are  also  discussed. 

0 
INTRODUCTION 

NE  GOAL of the  ion  storage  group  at  NIST (for- 
merly  the  National  Bureau  of  Standards)  has  been  to 

realize  a  stored ion frequency  standard  whose  absolute  in- 
accuracy  is  less  than  1  part in Primary  design  con- 
siderations in these  experiments  have  been  influenced by 
the  assumptions  that 1 )  for many  ions in the trap,  the un- 
certainty in the  measurement  of  the  second-order  Doppler 
shift will be  the  largest  contribution  to  inaccuracy  and 2) 
the  magnitude  of  the  second-order  Doppler  shift  decreases 
as  the  number of ions in the  trap  decreases. 

These  assumptions  are  supported  both by experiments 
and  theoretical  analysis [ l]-[6]. For a  given  number of 
ions N in the  trap  the  second-order  Doppler  shift  is  min- 
imized  when  the  secular  motion in the  Paul  trap [2]-[5] 
or the  cyclotron  and  axial  motion in the  Penning  trap [ l ] -  
[3] are reduced by some  means  to  negligible  values  (for 
example, by the  use of buffer gas  collisions [4] or laser 
cooling [6],  [7]). For  the Paul  trap,  the  second-order  Dop- 
pler  shift is then  dominated by the  velocity in the RF mi- 
cromotion [l]-[5]. The  basic idea is as follows: in the 
quadrupole  Paul  trap  the RF micromotion  velocity  in- 
creases  with  the  distance  of  the  ion  from  the  center of the 
trap. As the  number of trapped  ions  increases,  space 
charge  repulsion  holds  ions  farther  from  the  center  of  the 
trap  thereby  increasing  the  ion’s  micromotion  speed  and 
second-order Doppler  shift. For a  spherical  cloud of ions, 
the  number  of  ions N is proportional  to  the  fractional  sec- 
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ond-order  Doppler  shift,  averaged  over  the  cloud, 
( A y ~ 2 / v o )  [2]-[4]: 

N = -2.16 x 10l6 rc,M( A v D 2 / v o ) / Z 2  (RF trap) 

(1)  

where r,, is  the  cloud  radius in centimeters, M is the  ion 
mass in atomic  mass  units  and 2 is ion  charge  in  units  of 
the  proton charge.  The  number of  ions for a  given  second- 
order  Doppler shift can  be increased by using  a  nonspher- 
ical ion cloud  geometry in an  elongated  trap [5]. How- 
ever,  the  basic idea  still  holds  that as the  number  of  ions 
increases so does I ( A v D 2 / v 0  ) I .  The  second  order  Dop- 
pler  shift  is  minimized  for  a  single  ion [6] or  for  more 
than one ion in a  trap  with  linear  geometry  (discussed  be- 

In the  Penning  trap,  when  the  cyclotron  and  axial ki- 
netic  energies  are  reduced  to  small  values,  the  second  or- 
der  Doppler  shift is dominated by the  velocity in the ro- 
tation of the  ion cloud. In  this  case, N and ( AvD2/vo  ) 
are  related by [ l]-[3] 

low). 

N = 3.10 X 1013 B (  - A ~ ~ / V ~ )  

- zcf( re[ - r ; ) /Z  (Penning  trap) ( 2 )  

where B is the  trap  magnetic field strength in teslas, 2z,/ 
and re( are  the  cloud  height  and  radius in centimeters, rk 
= ( 5  ( - A v D 2 / v o  ) )1/2c/Qc ( Q c  is the  ion’s  cyclotron  fre- 
quency  and c is the  speed of light ), and 2 is  the  ion  charge 
in units of proton charge.  Equations ( l )  and (2) are  valid 
for  one  species  of  ion in the  trap. 

Therefore,  for  both  traps, I ( A V D ~ / Y O  ) I  increases  as N 
increases  and  we  are  faced  with  a  compromise in design. 
For  good  signal-to-noise  ratio  (SNR)  and  therefore  good 
frequency  stability,  we  desire  large N .  However  this  in- 
creases I ( AvD2 / v. ) 1 and  therefore  decreases  accuracy 
because of our inability to  measure  precisely  the  velocity 
distributions  needed  to  determine ( Avo2 / v o  ) . This  trade- 
off  between  stability  and  accuracy  has  resulted in different 
approaches.  In  the  work of one  group [4], [SI, a  stored 
199Hgf ion  standard  with  excellent  stability  has  been re- 
alized.  In  these  experiments N = 2 X lo6 and ( A V D ~ / V O  ) 

-2 x so an  accuracy  of  would  require  a 
knowledge  of ( u2 ) to 0.5% precision.  This  problem  can 
be reduced in the  elongated  trap  geometry of [5] but, in- 
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dependent  of  the  trap  geometry,  the  accuracy  can  gener- 
ally be  improved by using  smaller  numbers. 

At NIST the  primary  goal of stored-ion  frequency stan- 
dard  work  has  been  high  accuracy.  The  preceding  argu- 
ments  have  forced  us  to  use  small  numbers  of  ions  (ap- 
proximately lo4  or  less) that are laser-cooled. The  loss in 
short-term  stability  due to reduced  numbers  can  be  par- 
tially  regained by going  to very long  interrogation  times. 
These  trade-offs are  apparent  from  the  expression  for  sta- 
bility if we assume  the  Ramsey  method of interrogation 
and  assume  100% detection  efficiency. For these condi- 
tions [3], 

uy ( 7) = ( 7 N T R W i )  (. > TR) (3 )  
- ( I  /2) 

where T is  the  averaging  time, TR is the  Ramsey  interro- 
gation  time  and wo is the  clock  transition  frequency (in 
radians  per second).  From this expression, we also  see 
the  importance of making wo large. 

Of course,  to  achieve  high  accuracy, we  must  also  ac- 
count  for  the  perturbations  due  to  static  and  time-varying 
multipole  interactions for  electric,  magnetic,  and  gravi- 
tational  fields. These include  atom-trap field interactions, 
collisions, shifts due to  uncontrolled  electric  and  mag- 
netic  fields,  and  gravitational  red  shifts.  However for  more 
than  one ion in  the  trap, the  dominant  uncertainty  appears 
to  be  caused by the  uncertainty in the  second-order  Dop- 
pler  shift. 

Below,  we  briefly  discuss  experiments  at NIST on 
stored-ion  frequency standards.  More detailed  accounts 
are  forthcoming. 

9Be+  HYPERFINE CLOCK 
In this experiment,  an  oscillator  has  been  locked to  the 

(m, = -1 /2 ,  mJ = 1 / 2 )  ++ ( -3 /2 ,   1 /2 )  nuclear  spin- 
flip hyperfine  "clock"  transition (w,/2n E 303  MHz) 
in the  ground  state of 9Be+  (Fig.  1).  The basic  idea  of  this 
experiment  has  been  described  previously  [g]-[12];  the 
current  experiment  works  as  follows  [12]:  Between 5000 
and 10 OOO 9Be+ ions and 50 000 to 150 000 26Mg+ ions 
were  simultaneously  stored  in  a  cylindrical  Penning  trap 
[ 121 with B 3 0.8194  T  under  conditions of high  vacuum 
( 5 Pa).  At a  magnetic field B of  0.8194  T the clock 
transition depends  only quadratically  on  magnetic field 
fluctuations,  and therefore the  accuracy is not  limited by 
field fluctuations. To minimize  second  order  Doppler 
shifts of the  clock  transition,  the  9Be+  ions  were  cooled 
to  less  than  250 mK in the  following  manner:  The  26Mg+ 
ions  were  directly  laser-cooled  and  compressed by a nar- 
row-band ( - 1 MHz) laser radiation  source  at 280  nm. 
The  9Be+ ions  were then sympathetically  cooled  [l31 by 
their  Coulomb  interaction with the  cold Mg+ ions (see 
Appendix I). A  narrow-band  313-nm  radiation  source  was 
used  to optically  pump  and  detect the 9Be+ ions [g]-[  121. 
With the 3 13-nm  source  tuned  to  the 2s 2SI l2 (m, = 3/2, 
mJ = 1/2) to 2 p  'P3/2(3/2, 3/2) transition,  94% of the 
9Be+ ions  were  optically  pumped  into  the 2s 2S1/2 (3/2,  
1/2) ground  state.  The 3 13-nm  source  was  then  turned 

clock (mi, mJ) 
transilion 

(312, -1/2) 
(112. -112) 

(-1/2, -112) 
(-312, -112) 

Fig. 1 .  Hyperline  energy levels (not drawn to scale) of the 9Be+ 2s 
ground  state as a function of magnetic field. At B = 0.8194 T the 303 
MHz clock transition is independent of magnetic  field to first order. 

off to  avoid  optical  pumping  and  ac  Stark  shifts  while  the 
clock  transition  was driven. 

The  clock transition  was  detected by the  following 
method:  After  the  3  13-nm  source  was  turned off, the ions 
in the (3/2,  1/2) state  were  transferred  to  the (1/2,   1/2) 
state  and  then  to the ( - 1/2,  1/2) state by two  successive 
RF 7r pulses.  Each  pulse was 0.2 S long  and  was  resonant 
with the  appropriate transition  frequency (around  321 
MHz  and 31  1  MHz  respectively).  The  clock transition 
was  then  driven by Ramsey's  method  of  separated  oscil- 
latory  fields in the  time  domain with RF pulses of about 
l-S duration  and  a  free  precession  time  on  the  order of 
100 S .  This  transferred some  of  the  ions  from  the ( - 1/2, 
1/2) state to  the ( -3/2,  1/2)  state.  Those ions  remain- 
ing in the ( - 1/2,  1/2) state  were  then  transferred  back 
to the ( 3/2,  1/2) state by reversing  the order of the two 
RF T pulses. The  313-nm  source  was  then  turned back 
on, and  the  population  of  ions in the ( -3/2,  1/2) state 
was registered  as a  decrease in the  9Be+ fluorescence, rel- 
ative  to  the steady-state fluorescence,  during the first  sec- 
ond that  the  313-nm  source  was  on.  (The optical  repump- 
ing  time of the  ions  from the ( - 3/2, 1/2) state to the 
(3/2,  1/2) state  was  about 10 S . )  The  sympathetic  cool- 
ing of the 9Be+ ions by the  continuously  cooled Mg+ ions 
is  necessary if lon  interrogation  times are to be  used, 
since  otherwise  the Be' ions  would  slowly  heat up while 
the 3  13-nm  laser  is off [ 1 l]. 

The  Ramsey  signal  was  used  to  steer  the  frequency  of 
a  synthesized RF  source [g]-[12].  Ramsey  signal  mea- 
surements  were  taken  near  the  frequencies  corresponding 
to the half minimum  points  on  both  sides  of  the  center 
frequency.  The  difference in the  measured  signal  strengths 
on  either side of the line  center  was  used to electronically 
steer the  average  frequency  of  the  synthesizer  to uo. Most 
runs  were  taken with a  commercial  cesium  beam  clock 
(fractional  frequency stability 5,,( 7) = 6 X 7 - ( ' 1 2 )  

for  measurement  time 7 in seconds)  as the  reference os- 
cillator, but a  few  runs  were  taken  with  a  passive  hydro- 
gen  maser (up(.) = 2-3 x F('/*)) as the  refer- 
ence  oscillator.  Stabilities of the  9Be+  clock are  measured 
to  be better  than 3 X T-('/~) for the  number of ions 
used,  which is  within  a  factor of 4 of the theoretical  max- 
imum  stability  given by (3).  The  systematic offset of our 
measurement  due  to  the  second-order  Doppler  frequency 
shift  was  dominated by the  velocity in  the rotation  motion 
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of the  ions  about  the trap  axis.  This  shift  was  measured 
to be ( - 1.2 If: 0.5) X 

An apparent  pressure  shift with an  unexpectedly  large 
value  was  discovered  when  the  background  gas  pressure 
was increased. The  background  gas  pressure  could be in- 
creased by moving  the  magnet of the sputter  ion  pump 
that  evacuated  the  trap  region so that  it  overlapped  fewer 
pumping  cells  and  reduced  the  pumping  speed.  (We 
checked  to  make  sure  the  magnetic field at  the  site  of the 
ions  was not disturbed.)  The  composition  of  the  gas  was 
not known  since  the  pressure  was  measured with a  Bay- 
ard-Alpert  gauge.  However,  when  the  vacuum  vessel 
containing  the  trap  was  initially  evacuated  the  dominant 
background  gases  were  H2  and  He  as  determined by a 
quadrupole  mass  analyzer.  Therefore we  expect  that  the 
background  gas  during  the  frequency  standard  measure- 
ments  was  either H2 or  He,  or  both. If  the  background  gas 
was  dominated by He,  the  fractional  pressure shift  was 
measured  to  be  about -3 X Pa-'; if the  background 
was  dominated by HZ, the  pressure  shift  was  measured  to 
be  about -9 X Pa-'. Atomic  ion  hyperfine  pressure 
shifts for  He  have  previously  been  measured in  '37Ba' 
[l41 and in '99Hg+ [8]  to  be 5 X lo-" Pa-'  and 4 x 
lo-'' Pa-' respectively. The authors  of [ 141 show  that 
the  charge  induced  multipole  interaction  between  the  Baf 
and  the  noble  gas  atoms used in that  study  should  give  an 
important  contribution to the  pressure  shift.  Since  this  in- 
teraction depends primarily  on  the  polarizability of the 
neutral  we  would  expect  that  the  pressure  shift for  He  at- 
oms  on  9Be+ ions  would not be  significantly  different  than 
that for  Ba+  or Hg'. Similarly,  since the polarizability of 
H2  is  midway  between Ar  and  Ne, we might  expect  the 
pressure  shift  for  H2  on Be' to be  near  those  for  Ar and 
Ne  on Ba', which  were  measured  to  be  -6 X lo-'' Pa-' 
and -6 X Pa-' respectively. 

The  apparent  large  discrepancy  between  our  data  and 
other  measured  pressure  shifts  is not understood  at  this 
time.  One  possible  explanation is suggested by studies 
[l51 of radiative  association of C +  with H2 to  form 
CH:. In the  models  of  this  process, it is  assumed  that  the 
H2  can  stick  to  the C +  for  a  long  enough  time to  allow 
the C'-H2 complex  to  radiatively  stabilize. This sticking 
is  possible  because  the  collision  energy  can be taken  up 
by the internal  degrees of freedom in the  H2  molecule. 
The sticking  time  can be orders  of  magnitude longer  than 
the  interaction time  during  a  simple  elastic  collision. If a 
similar  sticking  mechanism  is active in H2-Bef  colli- 
sions, it may account  for  the  apparent  large  pressure  shift. 
One way to  check  this  hypothesis is to  measure  the  pres- 
sure  shifts of Be+ on  Ne  and Ar,  where the  sticking  would 
not be  expected  to  occur,  and  on HZ or  other  polyatomic 
gases,  where sticking  might occur. 

The uncertainty in this  apparent  pressure  shift  will 
probably  limit  the  accuracy  of  the  current  9Be+  clock 
measurements to around  1  part in lo i3 .  However, we  hope 
to more  fully  understand the shift  before  stating  a final 
uncertainty.  We are  also  continuing to search  for  other 
causes  of  systematic  errors  such  as  electronic  offsets. 

However, we feel  the  accuracy  could be improved  beyond 
5 parts in l O I 5  in the  future. If the  apparent  collisional 
shift  is  real, it may be  necessary to use liquid He cry- 
opumping  to  reduce  the  background  pressure. 

Hg' OPTICAL  CLOCK 
The velocity in the  micromotion  for  an ion  in a  quad- 

rupole RF trap is  proportional to the  distance  of the ion 
from  the  center  of  the  trap.  For  two  or  more  laser-cooled 
ions in the  trap,  the  Coulomb  repulsion  between  ions  holds 
them  away  from  the  trap  center,  and  the  second-order 
Doppler  shift  is  dominated by the velocity of micromo- 
tion.  However,  a  single ion can  be held near  the  trap  cen- 
ter if sufficiently cooled. In  this case the  kinetic  energy in 
the  micromotion  can be equal  to  that of the secular  motion 
[2],  [3], [ 161, [17]. If the ion is laser-cooled, resulting 
Doppler  shifts  can be extremely  small;  uncertainties  can 
be less  than  1  part in lo2' in some  cases [ 171, [ 181. How- 
ever  with N = l ,  stability is marginal  unless we make wo 
high  enough  (see  3).  One way to  accomplish  this  is  to  let 
wo correspond  to  an  optical  transition.  Dehmelt  suggested 
this  idea  in  1973  [6]. The  reasons  that  a  clock  based  on 
an optical  transition in an  ion  has not been realized yet 
are: 1)  it took  several  years  to  isolate and manipulate  sin- 
gle  ions in the  traps;  2)  local  oscillators  (lasers) with the 
desired  spectral  purity  are  still  not available;  and 3) ac- 
curate  comparison of laser  and  microwave  frequencies is 
extremely  difficult  and  remains an important  problem. 
Nevertheless  the  potential  accuracy of single-ion  optical 
frequency  standards  is  extremely high [6], [ 191 ( =. 

so it is  important  to  pursue  this  research. 
At NIST  we  have  investigated  the use of the 5d1'6s 

SI l2 + 5d96s2 2D5/2  electric  quadrupole  transition 
( w0/2x = 1.07 X lOI5 Hz) in '98Hg+ (see Fig. 2)  as an 
optical  frequency  standard  [20].  The  single  mercury ion 
is confined in a  miniature RF trap that  has  internal  dimen- 
sions of r, G 466  pm  and z ,  G 330 pm  [20],  [21].  The 
amplitude  of  the  trapping field (frequency Q/27r 3 2 1- 
23 MHz) can  be  varied  to  a  peak of 1.2 kV.  The ion is 
laser-cooled  to a  few  millikelvins by a  few  microwatts of 
CW  laser radiation  that  is  tuned  below  the 2S1/2-2Pl / 2  first 
resonance  line  near  194  nm. In order to cool  all  motional 
degrees of freedom  to  near  the  Doppler  cooling  limit  [7] 
( T  = Ay/2k8 G 1.7  mK) the  194 nm radiation irradiates 
the ion from 2 orthogonal  directions, both of which  are  at 
an  angle of 55 O with respect to the  symmetry ( z  ) axis of 
the  trap.  The  282-nm  radiation  that  drives  the  narrow 
2Sl /2 -2D5/2  transition is obtained by frequency-doubling 
the  radiation  from a  narrowband CW ring-dye  laser.  The 
frequency of the  laser is  stabilized by locking it to a  stable' 
Fabry-Perot  cavity.  The  frequency of the laser is  scanned 
by an  acoustooptic  modulator  that is driven by a  computer 
controlled synthesizer. Up  to a  few  microwatts of 282 nm 
radiation  could  be  focussed onto the ion in a direction 
counterpropagating with one  of  the  194-nm  light  beams. 

Optical-optical  double  resonance  was  used  to  detect 
transitions  driven by the  282-nm  laser  from  the  ion's 2Sl l2 
ground  state to the  metastable 2D5/2  state [20],  [21].  The 
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Fig. 2. Simplified  optical energy-level diagram  for Hg' . The lifetime of 
the 'D512 level is about 0.1 S ,  which would give a linewidth of approx- 
imately 2 Hz on the electric quadrupole -+ 'D , / ,  transition.  By 
observing the  presence of or lack of fluorescence  from  the 'SI l 2  + 'P I 
transition,  the  quadrupole "clock" transition  can  be  detected  with 100% 
efficiency. 

194-nm  fluorescence  rate  from  the  laser-cooled ion is high 
when the ion is cycling  between the 2S1/2 and 2 P l / 2  states 
(Fig.  2) and  nearly zero  when  the ion is in the  metastable 
2D5/2 state.  The  2S1/2-2D5/2  resonance  spectrum was ob- 
tained by probing  the S-D transition at  a particular  fre- 
quency  for  the  282-nm radiation for  20  ms,  then turning 
off the  282-nm  radiation  and  turning  on  the  194-nm ra- 
diation  to  look for the  presence or  absence  of scattered 
photons  at  194  nm.  (The  two radiation  fields are alter- 
nately  applied  to  avoid  light  shifts  and  broadening of the 
narrow S-D transition by the  194-nm  radiation.)  If  there 
was  no  fluorescence  at  194  nm,  a  transition  into  the  met- 
astable D state  had occurred; the  presence of 194-nm flu- 
orescence  indicated  that the ion was  in  the  ground  state 
and  no transition  was  recorded for  this  frequency of the 
282-nm  laser.  The  frequency  of  the  282-nm  rqdiation  was 
then  stepped  and  the  measurement  cycle  repeated. As the 
frequency  was  swept  back  and  forth  each new result  at a 
particular  frequency of the  282-nm  radiation  was  aver- 
aged with the  previous  measurements at that  frequency. 
Normalization  (or  digitization) of the  signal  was  obtained 
by assigning a  1  to  each  measurement of high  fluores- 
cence  and  a 0 to  each  measurement  of  no  fluorescence. 
The  high  fluorescence  level  made it possible  to  determine 
the  state  of  the  atom  with almost no  ambiguity in a  few 
milliseconds. Thus, it is possible to  reach the  shot  noise 
limit  imposed by the  single  atomic  absorber [21]. 

The  quantized fluorescence  signal  obtained  from  an 8 
MHz  scan of the  282-nm  laser  through  the 2S1/2 (m, = 
- 1/2) -+ *D5/2 ( mJ = 1/2) Zeeman  component of the 
electric  quadrupole  transition  in  I9*Hg+  is  shown in Fig. 
3.  The recoilless-absorption  resonance (camer)  and the 
motional  sidebands  due to the  secular  motion in the har- 
monic well of the RF trap are  completely  resolved [21]. 

To  avoid  broadening  of  the  quadrupole  transition  due 
to  magnetic field fluctuations,  we  have  recently  [22]  per- 
formed  the  same  experiment  on  the 2SI / 2 (  F = 0, mF = 
0) -+ 2D5/2(F = 2 ,  mF = 0) transition in 199Hg+,  which 
becomes field independent  as B -+ 0. The  carrier is now 
observed  with  a  linewidth AV 5 100 Hz  (limited by laser 
spectral punty), which  gives a line Q of  about 1013, the 
highest  reported in atomic or molecular  spectroscopy. 

- A  -2 2 

Frequency Detunlng (in M H z )  

F$. 3 .  Quantized  signal showing the electric-quadrupole-allowed 5d1'6s 
Sl/2(m, = - 1/2)  -+ 5dY6s2 2 D 5 / 2 ( m ,  = 1 / 2 )  transition  in a single, 

laser-cooled Iy8Hg+ ion. On  the  horizontal axis is plotted  the  relative 
detuning  from line center  in  frequency  units at 282 nm. On the  vertical 
axis  is plotted  the  probability  that  the  fluorescence  from  the 6s 2Sl 12-6p  

first resonance  transition, excited by  laser  radiation at 194 nm, is 
on. The electric-quadrupole-allowed S-D transition  and  the  first-reso- 
nance S-P transition  are  probed  sequentially  to avoid light shifts and 
broadening of the narrow S-D transition.  Clearly resolved are  the re- 
coilless absorption  resonance (camer) and  the Doppler sidebands  due to 
the  residual secular motion of the laser-cooled ion. Each  point  is  the 
average of 230 measurement cycles (from [21]). 

Current  efforts are  devoted to improving  the  282-nm  laser 
spectral punty by locking it to a  more  stable  reference 
cavity. If the laser's spectral purity can  be  made  high 
enough,  then when the  laser is  locked to the  ion  transi- 
tion,  stabilities are anticipated  to be better  than 
T - ( ' / ~ )  and  accuracies  could be 1 part in 10l8  or  better 
[ U ,  r31, ~61 ,  [171-[211. 

FUTURE PENNING  TRAP  EXPERIMENTS 
The  9Be+  ion  experiments  have  the  primary  disadvan- 

tage  that wo is  relatively  low and the  resulting  frequency 
stabilities are  modest.  We  might  hope to  substitute 201Hg+ 
ions in place  of  the  9BeC  ions  because 20'Hg+ has  a  higher 
frequency  clock  transition ( wo/27r 26 GHz), which  is 
field independent  at B = 0.534 T [ l ] .  However  two  dis- 
advantages  compared  to  the  9Be+  case  arise:  (1) If the 
Hg' is sympathetically  cooled by lighter  ions  such as  Mg+ 
or  Cd' it will  reside in an  annulus  surrounding  the  lighter 
ions  [13];  this  makes  the  second-order  Doppler  shift  larger 
for a  given  density  and  number of ions. (2) 'Be' and 
25Mg+  have  simple optical  pumping  schemes  whereby a 
single laser  frequency  can  be  used  to  optically  pump  into 
a single  ground  state  sublevel [lo]. For 201Hgf  or  199Hgf 
in a strong field (required  for a  Penning  trap)  optical 
pumping  schemes  would  require  auxiliary  laser  lines at 
194 nm and  microwave  oscillators  to  manipulate  the 
ground  state  sublevels [ l ] ;  the sim le optical  pumping 
schemes  as in the case  of 'Bef and 'Mgf  do  not  appear 
possible. 199Hgt in a  Penning  trap  would  provide  a very 
interesting  system  when  magnets of high enough field 
strength  become available.  For  example,  the (m, = 1/2, 
m, = 1 /2 )  * ( - 1 /2 ,  1 / 2 )  hyperfine  transition in the 
ground  state of 199Hgf (w0/27r = 20.9  GHz) is field in- 
dependent at B = 43.9 T. At present, we must  await  the 
required magnet. 

P 
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TABLE I 
EXPECTED  FREQUENCY STABILITIES FOR VARIOUS IOh'S OF INTEREST FOR FREQUENCY STANDARDS 

9 ( B e + )  26(Mg+)  303 MHz" 0.8194 0.1 IO-" 125 pm 0.5 6630 65 mK 6.45 X I O - "  
9 ( B e + )  26 (Mg+)  303 MHz" 0.8194 0.01 1 0 - l ~  1.25 mm 0.5 67400 65 mK 2.02 x IO-" 

6 7 ( Z n f )  113(Cd+)  I GH.z*~ 8 0.1 10-1~ 56 pm 0.5 28500 484mK  9.44 X 
6 7 ( Z n + )   1 1 3 ( C d + )  I GHz2' 8 0.01 560 pm 0.5 292000  484 mK 2.94 x IO- ' '  

199(Hg+)  203(TI+) 20.9 GHz 43 .9  0.01 10-16 58 pm 0.5 52400 144 mK 3.51 X 

201(Hg+) 203(T1+) 25.9GHz' 0.534 0.1 10- I 5  1.48 mm 0.5 50100 1.45 K 2.75 X 

201(Hg+)  203(Tlt )  25.9GHz' 0.534 0.01 10-l' I .48 cm 0.5 524000 1.45K 8.49 X 

201(Hg+)  203(T1+) 7.73 GHz' 3.91 0.1 1 0 - l ~  204 pm 0.5  50100 1.45 K 9.21 X 

ZOI(Hg+) 203(Tl+)  7.73 GHz' 3.91 0.01 lo- ' '  2.04 mm 0.5 524000 1.45 K 2.85 x lo- ' '  

"The  ions  are  assumed to be confined in a  Penning  trap  and  sympathetically  cooled. M ,  is  the  mass of the  "clock" ion in atomic  mass  units (U), 
M z  is the  mass  of  the ion that is directly  laser  cooled  and  sympathetically  cools M , .  For all cases M ,  < M ,  so that the  cloud  geometry of Fig. 5 
applies.  The  clock  frequency wO is assumed to  be "field independent"  as for the 'Be' case  described in the text.  This  choice  determines  the  magnetic 
field.  From  the  magnetic field B and  an  assumed  value o f f  (6). the  density  of  species 1 can  be  determined from ( S ) .  If we desire  a  certain  value  of 
the  second  order  Doppler  shift ( A v D 2 / v , ) ,  we then determine  a  value of the  cloud  radius b ,  and the ion number (7) for  an  assumed  value of z,,. 
From  (3). we then determine U%,( r )  assuming TR = 1 0 0  S for the  Ramsey  interrogation  time.  We  refer  to U, ( I S )  for  convenience. T* is the  temperature 
at  which  the  second  order  Doppler  shift  from  the  axial  and  cyclotron  motion would be equal to the  value listed in the  table.  Therefore we have 
implicitly  assumed  the  temperature of the  cyclotron  and  axial  motion is much  less than T * .  From  this,  we  see  the  importance of laser  cooling. 

Within  the  limits  imposed by today's  technology,  an 
experiment  similar to the 'Be' experiment  but with better 
expected  performance  might  be  provided by 67Znf ions 
[23].  The  clock  transition  could  be the (m, = /2, mJ = 
1/2) * (3/2, 1/2) transition  (w0/27r = 1 GHz), which 
is field independent  at B = 8 T. Some  other  examples  are 
summarized in Table  I.  Similar  schemes  are  possible with 
ions such  as Ba' but optical  pumping  is complicated. 

FUTURE PAUL TRAP  EXPERIMENTS 
The  advantage  of the Paul trap is that a  magnetic  field 

is not required  for  trapping.  This  allows us to be  rid of  a 
cumbersome  magnet and allows use of  transitions that are 
field  independent  at B = 0. The  primary  disadvantage is 
that  up to the  present  time  it  has  been  impossible  to  laser- 
cool very many  ions ( N  > 100). As  discussed  above, the 
use of small  numbers may not be a limitation if wo can be 
made  big  enough.  This is the basic  philosophy  behind  the 
single-ion  optical  frequency standards.  Even  for wo /27r 
= 40.5 GHz ( 199Hg')  and N = 1, from  (3) we can  expect 
[3] ~ ~ ( 7 )  = 3.9 X 7 - ( ' 1 2 )  when T, = 100 S .  Be- 
cause  the  second-order  Doppler  shift is expected to be so 
small  for  single  ions, it is perhaps  useful to look  at this 
case  a  little  more  closely. 

The main  advantage of using  a  single ion in  an RF trap 
is  that the kinetic  energy of micromotion  can be on  the 
order of the  secular  motion energy.  For  a single 199Hg+ 
ion cooled  to  the  Doppler-cooling  limit  [21],  the  second- 
order  Doppler  shift  would  be [3] ( A1yDz/vo) = -2.3 X 

In a  quadrupole ion trap,  two or more  ions in the 
trap  are  pushed  from the center of the trap by the  mutual 
Coulomb  repulsion  and  the  second-order  Doppler  shift is 
higher  [2].  Consider  the  trap  shown in Fig. 4. This  design 
is  essentially  the  same  as  that  described by Prestage et al. 
[5]  and  Dehmelt  [24]. In the trap of Fig. 4, the RF electric 
fields  are  transverse  to  the trap axis for  the  entire z extent 
of the  trap. If a single  string of ions  is  trapped  along the 
z axis,  then the  kinetic  energy of micromotion is about 

, > I  

;&c' U '  L .  ....... ~~ ---c +~ 
ro - \  r .  

( i.2;) 
k - 2 2 ,  -1 

Fig. 4 .  Linear  trap  configuration.  The  alternating  RF  voltage V, cos Qr is 
assumed to be  applied  to  diagonally  opposing  electrodes  as  shown.  We 
assume  the  end  portions of the  electrodes  are  long  enough  that  the re- 
sulting  RF  potential  at  the  position of the  ions is independent  of z ,  so 
that  the  RF  electric  fields  are  parallel  to  the x-y plane.  To  trap  ions  along 
I ,  we assume  the  center  four  electrodes  are  at  static  ground  potential  and 
the  two  sets of four  electrodes  on  either  end  are  at  a  static  potential U" 
( U o  > 0 to trap  positive ions).  The  average  position  of  the  ions  could 
be made  to  coincide  with  the RF  electric field null by applying  slightly 
different  static  potentials  to  the  four  central  rods to correct for contact 
potential offsets etc.  This  geometry  would  allow  laser  beams  to be di- 
rected  along  the z axis.  Such  a  trap  might  also  be  useful  for  studing 
fundamental  atom-radiation  interactions  such  as  the  statistics  of  fluores- 
cence from or the  interaction  of  a  cavity with two or more well localized 
atoms. 

equal to the  kinetic  energy in the  secular  motion.  There- 
fore, the  fractional second-order  Doppler shift  could  be 
as  low as 5kT/2mc2. This is 5 / 6  of the  value  for  a  quad- 
rupole RF trap [2]  because of the  absence of RF micro- 
motion along  the z direction.  At the  Doppler-cooling  limit, 
this gives AuD2/vo = -2 X lo-'' for all Hg' ions in the 
string. 

Use of the trap of Fig.  4  would  allow N >> 1 giving 
good  stability  and  still yield a  small  second-order  Doppler 
shift.  For  the  experimentally  achievable  conditions of Ap- 
pendix 11, N = 50 ions  could  be  stored  along  the z axis 
like  "beads  on  a  string" with ion spacings of approxi- 
mately 5 pm.  With this spacing  each ion  could  be  inde- 
pendently  detected by using  an  image  detector  [25],  [26], 
[39].  Therefore  each ion could be treated as  an  indepen- 
dent  atomic  clock  where  the  clock  transition  could  be  de- 
tected with 100% efficiency  [21].  From (3),  for TR = 100 
S and wo/27r = 40.5 GHz ( I9'Hg+)  the  frequency  stabil- 
ity of this  clock  "ensemble"  would  be U,( 7 )  = 5.5 X 

7 - ( ' l 2 ) .  For these  long  interrogation times,  sym- 
pathetic  cooling  might  be  required  to  avoid  heating  while 
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the Hg' optical  pumping  laser  was  turned off to  avoid 
light  shifts  during  the  Ramsey  period.  The  ions  used  to 
cool  the Hg+ ions  would also find a  position in the  string 
of  ions  along  the z axis.  Arrays  of  traps  have  also  been 
proposed  previously [27]. These  trap  arrays would  have 
the  same  advantages  as  above  for  increasing N and  mini- 
mizing  the  second-order  Doppler  shift. 

For  optical  spectroscopy,  lasers  with  high  spectral  pu- 
rity are required  (see the  following).  This is the  current 
limitation to reaching  the  natural  linewidth  resolution in 
the  NIST Hg' experiments.  In  future  experiments,  the 
laser  can be locked to  the  ion  resonance  line in a  manner 
similar to that  described  for  the  9Be+  hyperfine  transition. 
That  is, the  clock  transition  is  alternately  probed  on  either 
side of the  resonance  (at  the  frequencies  near  maximum 
slope).  After  several  measurements  an  error signal is built 
up which is used  to  servo  the  average  frequency  of  the 
laser to the  center  of  the  clock  resonance. A partial test 
of this  lock  can be made by briefly interrupting  this  servo, 
probing  a  portion  of  the  clock  resonance  line  (while  as- 
suming  that  the  center of the  clock  resonance is given by 
the  most  recent servo  measurements),  and then returning 
to servo  operation.  This  process is repeated  until  a  reso- 
nance  line  similar  to  that of Fig. 3 is obtained.  This, of 
course,  does not test  for  a  slow  drift in the  ion  resonance 
frequency,  but  should be a  fairly  good  test of  the  ability 
to servo  the  laser  to  the  clock  transition. 

The main  systematic  error  for  the Hg' optical  experi- 
ment may ultimately be the  uncertainty in the  shift of clock 
transition  from  static  electric  fields  of  quadrupole  sym- 
metry  such as  those  caused by static  potentials  applied  to 
the  trap  electrodes [6]. The  basic idea is that  the D state 
of  the  clock  transition  has  a  quadrupole  moment  that  can 
interact  with  static  fields  of  quadrupole  symmetry  to  give 
a  shift  that  must  then  be  measured.  Although  trouble- 
some, it should  be  possible  to  remove  this  offset  from  a 
clock  calibration to about  the  same  precision as the  mea- 
surement  precision [3]. Dehmelt  has pointed out  the  ad- 
vantage  of  the  singly  ionized  group  IIIA  atoms in this re- 
spect [6]; the  interesting  clock  transitions in these  ions  are 
the 'S, + 3P0 intercombination  lines  that  are not shifted 
by static  quadrupole  electric  fields.  However,  at  low  mag- 
netic field these  transitions  have  magnetic field depen- 
dence  on  the  order  of  the  nuclear  Zeeman  effect.  There- 
fore  careful  control of the  magnetic field would be 
required [6]. At  higher  fields,  field-independent  transi- 
tions  could be used to advantage [28]. A linear  trap or 
trap  arrays  could  be  used  to  increase  SNR as described 
previously.  For  clock  transitions  involving a state with a 
quadrupole  moment,  such as  for Hg', the  mutual Cou- 
lomb  interaction  between  ions  would  cause  an  additional 
quadrupole  frequency  shift  that  must  be  taken  into  ac- 
count [29]. For  the  group  IIIA  ions,  this  shift would  be 
absent. 

LASERS AND LASER  METROLOGY 
For  optical  frequency  standards  and  spectroscopy  ex- 

periments,  the  most  outstanding  current  problem  is  that  of 

local  oscillator  (laser)  spectral  purity.  Lasers  that  are 
locked to reference  cavities  have  been  shown to track  the 
cavity  frequency to precisions  of much less  than 1 Hz [30]. 
The  problem  then  remains  that  the  length of  the  cavity  and 
therefore  the  frequency  of  the  laser  are  modulated by 
acoustic  noise  with  deviations  typically  much  greater  than 
1 Hz. It is desired  to  make  this  reference  cavity  stable 
enough  (frequency  deviations  less  than  the  linewidth of 
the  optical  transition)  over  the  attack  time of the  servo 
used to lock  the  laser  to  the  ion  line. 

A more  general  problem  is  that of cost,  power  require- 
ments,  and  complexity of the  lasers  required  for  optical 
pumping  and  laser cooling. At  present,  most  experiments 
use  near-ultraviolet  laser  lines  provided by gas  laser 
pumped dye  lasers  that  are  frequency  doubled or summed 
to  give  a  few  microwatts  at  wavelengths  corresponding  to 
certain  transitions in various  ions. However,  this  tech- 
nology may simplify in the  coming  years.  Partly  because 
of efforts by the  optoelectronics  industry, it is not unrea- 
sonable to think  that  such  lasers will be  replaced by cheap, 
high-efficiency  solid-state lasers.  This is already  happen- 
ing at near-infrared  wavelengths  where diode  lasers  are 
used  to  optically  pump  and  laser-cool  neutral  cesium  and 
rubidium atoms. 

Finally,  we  call  attention  to  the  problem  of  frequency 
metrology  that  is  important in the  generation of  time  from 
optical  frequency  standards.  The  technology  to  connect 
the  microwave  region  of  the  spectrum to the  optical  spec- 
trum  through  the  use  of  synthesis  chains  exists [3 l ] .  Other 
schemes  have  been  proposed  and  are  being  worked  on 
[32], [33], [40]. However, this  metrology  problem is sig- 
nificant and  simpler  schemes would  help  realize  the  full 
benefits  of  optical  frequency  standards. 

APPENDIX I 
SYMPATHETICALLY COOLED IONS IN A PENNING TRAP 
An approximate  model of a two  species  ion  plasma in 

a  Penning  trap is shown in Fig. 5 .  To make  the  problem 
tractable,  we will assume that  the  species  of  spectroscopic 
interest  is of lighter  mass  (species l )  and  therefore  resides 
inside  species 2, which  is  directly  laser-cooled. The  case 
where  species 2 is sympathetically  cooled by species 1 
[l31 could be treated in a  similar  manner. If we  assume 
N ,  << N 2 ,  we can  approximate  the  species 1 ions by a 
cylinder  of  radius b l ,  and  height 2zC1.  If we  can  assume 
that  the  cyclotron  and  axial  motion of  the  ions  have  been 
cooled  to  negligible  values,  the  second-order  Doppler  shift 
averaged  over  ions of species 1 is due  to  the velocity of 
cloud  rotation  and  is  given by 

( A v ~  / vg ) = - w'b: /4c2, (4 )  

where W is  the rotation  frequency  and c is  the  speed  of 
light.  The  density of  species 1 is 

n1 = m,o( f l ,  - 4 / 2 7 r q :  (5 )  
where m , ,  Q , ,  and q l ,  are  the  mass,  cyclotron  angular  fre- 
quency  and  charge  of  species 1 [34], [35]. An experimen- 
tally  useful  parameter  to  characterize  the  density  of  spe- 
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Fig. 5. Approximate  model  for  a  sympathetically cooled ion  sample  in  a 
Penning  trap. We assume q , / m ,  > q2/mZ so that species 1 (which is 
the “clock”  species)  is approximated  by  a  uniform  density  column of 
height 2z,., and  radius b, .  Species 2 is assumed  to  be  continuously  laser 
cooled and  by  the Coulomb interaction  continuously cools  species I .  All 
ions are  assumed  to  be  in  thermal  equilibrilum  and  therefore  co-rotate 
about  the t axis at  frequency W .  The second order  Doppler  shift of spe- 
cies 1 is assumed  to be dominated  by  the velocity in this  rotation. 

cies 2 is the  parameter 

( = 2 W / Q 2  ( 6 )  

where Q2 is  the  cyclotron  frequency  of  species 2. 4 is the 
ratio of the  rotation  frequency W to  the  maximum  allow- 
able  rotation  frequency Q 2 / 2  given by the  Brillouin  den- 
sity [34], [35]. 

From (4)-(6), and  the  formula N ,  = 27rb12z,,n,, we 
have 

NI = 8m2c2z,,( 1 - Fm,92/2m29l) ( - A v m / v o )  / h ? *  
( 7 )  

where m2 and q2 are  the  mass  and  charge of ions of species 
2. From  these  expressions  and (3) applied  to  species 1 ,  
we can  generate the  parameters  of  Table I .  Accuracy of 

with reasonable  stability  seems  possible.  Of  course 
the  local  oscillator  spectral  purity  must  be  good  enough 
to reach  these  conditions. The 199Hg+ example is  not  now 
realistic due  to  the lack of a  suitable  magnet. 

APPENDIX I1 
LINEAR PAUL TRAP 

To describe  the  trapping  from  ponderomotive  fields  we 
assume that  near  the  trap axis,  the  time  varying potential 
has  the form 

V0(x2 - Y’) 
4 =  2 R2 

where R is approximately  equal  to  the  dimension ro indi- 
cated in Fig. 4. ( R  = ro if the  electrode  surfaces  lie  along 
equipotentials  of (8). ) If Q is  high  enough  (defined in the 
following)  this  results in the  harmonic  pseudopotential 
well in the radial  direction: 

cos Qt ( 8 )  

where W ,  qvo/(& mQR2) is the  single-ion  oscillation 
frequency in the  radial  direction.  Expression (9) is  ex- 
pected to be fairly  accurate when Q >> W,., which  is the 
condition  for Q being  large  enough. 

For  the  static  potential  due  to  voltage U, applied  to  the 
end  sections,  we  will  make  the  approximation  that,  near 
the  center of the  trap,  this  potential is given by 

4$ = kUo(z2 - ( x 2  + y2) /2)  

where k is  a  geometric  factor  and wz is the z oscillation 
frequency  for  a  single  ion in the  trap.  Equation (10) rep- 
resents  the  lowest order  term in the  expansion  of  the  static 
potential for  the  electrode  configuration of Fig. 4 with  the 
bias assumed. If the  length of the  central  rods  is  long 
compared  to  their  spacing,  then  higher-order  terms in the 
expansion  become  more  important so that  the  static  po- 
tential  changes  significantly  only  near  the  point  of  sepa- 
ration  between  the  end  and  center  sections. For simplic- 
ity, we will assume  that  the  length of  the  central  rods  is 
approximately  equal  to  the  rod  spacing  and  that  the  extent 
of the  ion  sample  is  small  compared to R so that (10) 
should be a  reasonable  approximation  to  the  actual  poten- 
tial. 

The addition of this  static  potential  weakens  the  strength 
of  the  pseudopotential  well  in  the  radial  direction so that 
the  total  potential in the  radial  direction  is  given  by 

c#& = - (or’ - Wf/2)(.2 + y2) = - (W:’>(.* + y’) m  m 

29 29 

where W: is the  single  ion  radial  oscillation  frequency  for 
the  combined  potentials. 

A possible  advantage  of  such  a  linear  trap  may  be for 
laser-cooling  large  numbers  of  ions  in an  RF trap.  As  has 
been noted in recent  papers [36], [37], the RF micromo- 
tion in a  quadrupole  Paul  trap  perturbs  the  ion’s  spectrum 
and  can  inhibit  laser-cooling.  This  may  be  one  of  the  main 
reasons  large  numbers of ions  in an  RF  trap  have not been 
laser  cooled. If a  cooling  laser is directed  along  the z axis 
of  the  trap in Fig. 4, the  ion’s  spectrum  is  not  perturbed 
by micromotion  and  laser  cooling  should  occur  according 
to  the  simple theory [38], [41] if RF heating is not  too 
severe. 

‘ ‘Beads on a String ” 
The most  interesting  case  for  accurate  spectroscopy  is 

when  all  ions  are  confined  along  the z axis.  To  analyze 
this case, first assume that 0: is  large  enough to make  the 
ions lie  along  the z axis.  Then,  for a  given N and w I ,  we 
minimize  the  total  ion  potential  to  obtain zi , for i = ( 1, 
* , N ) .  From  the z, we  can  then find a  condition  on 
W: to  insure  all  ions  stay  along  the z axis. 

For ions  pinned on the z axis, the  total  ion  potential 
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energy  is 
N N 

Using  a  computer,  we  have  minimized 4T as a  function 
of ion positions  for  various  experimental  parameters.  Near 
z = 0 (trap  center),  the ions are  closest  together  and  fairly 
regularly  spaced. The  closer  the  spacing,  the  higher W: 

must be  to maintain  all  ions  on  the z axis. 
To find the  condition  on W:, consider  an  infinite  string 

of  ions  with  equal  spacing d along  the z axis. If one ion 
is  displaced  a  distance 6x( << d )  from  the z axis, it ex- 
periences  a  force  away  from  the z axis  of  strength 

OD 

F, = (2 c n-i> $ 6x = (2.404) 7 q2 6x. ( 1 3 )  
n =  1 d 

If we  have only 5 ions  spaced by d the  analogous  force 
on  the  center  ion  is  given by (13) with  the  numerical  fac- 
tor  equal to 2.250 rather  than 2.404. Therefore  even if the 
ions are  only  approximately  evenly  spaced, (13) will be a 
good  estimate of F, for a  particular  ion if we  take d to be 
the  mean  of  the  spacing to  the  nearest  neighbor  ions.  For 
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the  ions to be  stably  trapped on  the z axis,  we want the (151 
pseudopotential  force  inward  to  be  larger  than  the  force 
outward as expressed by (13). From ( 1   1 )  and (13) we [l6] 
therefore  require  that 1171 

> 2.404 q 2 / m d 3  (14) 

or 4 / 2 n  > 91.9 ( M d 3 )  - ( ‘ P )  where M is the ion  mass 
in atomic  mass  units, d is  the  spacing in micrometers,  and 
w:/2x is in megahertz. 

As  an  example,  for N = 50, w2/27r = 50 kHz,  and M 
= 199 ( 199Hg+  ions), the computer  calculation  gave  an 
overall  string  length  of 266 pm.  The  spacings  of  adjacent 
pairs of ions in pm, starting  from  the  outermost  pair of 
ions  on one  end  and  ending with  the  center  pair are: 10.48, 
8.46,  7.43,  6.77,  6.30,  5.95,  5.68,  5.46,  5.28,  5.12, 
4.99,  4.88,  4.79,  4.71,  4.64,  4.58,  4.53,  4.48,  4.45, 
4.42,  4.39,  4.37,  4.36,  4.35,  4.35. Using d = 4.35 pm, 
we find from (14),  4/27r > 718 kHz, w,/2n > 719 
kHz. If R = 0.75 mm and Q/2u = 5 MHz, then we re- 
quire V, > 233 V.  
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