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1. I n t r o d u c t i o n  

The use o f  i o n  s to rage techniques f o r  spectroscopy i s  mo t i va ted  by t h e  f a c t  

t h a t  i ons  can be con f ined  by e l e c t r i c  and magnet ic f i e l d s  f o r  l o n g  pe r iods  

o f  t ime w i t h o u t  s u f f e r i n g  the  l a r g e  p e r t u r b a t i o n s  which u s u a l l y  accompany 

o t h e r  methods o f  conf inement,  such a s  those due t o  c o l l i s i o n s  w i t h  b u f f e r  
gas molecu les .  L inew id ths  as smal l  as a few Hz and Q ' s  as h i g h  as l o l o  have 

been observed on ground-s ta te  hyper f i ne  t r a n s i t i o n s  o f  a tomic  i ons  s t o r e d  

i n  r f  quadrupole t r a p s  [ l -31.  The accuracy o f  these measurements has been 

1 i m i  t e d  l a r g e l y  by t h e  second-order Doppler s h i f t .  The s i g n a l - t o - n o i s e  

r a t i o s  have been l i m i t e d  by the  smal l  number o f  i ons  t h a t  can be s to red  
(about  10 -10 ) and by  t h e  d i f f i c u l t y  o f  d e t e c t i n g  t r a n s i t i o n s .  Hyper f i ne  

and Zeman t r a n s i t i o n s  have been de tec ted  by charge exchange [l], f l u o r e -  

scence [2 ,3 ] ,  photodetachment [4 ] ,  and p h o t o d i s s o c i a t i o n  [ 5 ] .  

I n  t h i s  paper we d iscuss  r e c e n t  work a t  t he  Na t iona l  Bureau o f  Standards 

(NBS) i n  t h i s  area. The second-order Doppler s h i f t  can  be reduced by l a s e r  

( resonan t  l i g h t  p ressu re )  c o o l i n g .  Th is  technique has been demonstrated i n  

exper iments on s to red  ions  by ou r  group a t  NBS [f i-81 and a l s o  by a group a t  

He ide lberg  [9]. Other  work a t  NBS has been d i r e c t e d  toward the  r e a l i z a t i o n  
o f  h i g h - e f f i c i e n c y  l ase r -op t i ca l -pump ing ,  double-resonance d e t e c t i o n  t e c h -  

niques [ l o ] .  These techniques have been used t o  make the  f i r s t  h i g h p r e c i s i o n  

h y p e r f i n e  s t r u c t u r e  measurements o f  25Mg+ [ll]. We a n t i c i p a t e  t h a t  t h e  l a s e r  

c o o l i n g  and doub le  resonance techniques w i l l  f i n d  p r a c t i c a l  a p p l i c a t i o n  i n  

the  development o f  f requency  standards based on s t o r e d  i ons  1121. 
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2. Apparatus 

A b lock  diagram o f  the apparatus i s  shown i n  F ig .1 .  The Mg' ions  a r e  con- 

f i n e d  i n  a Penn ing-s ty le  i o n  t r a p .  They a r e  i r r a d i a t e d  by l i g h t  resonant  

w i t h  t h e  3s S1,2 -+ 3p 2P3,2 280 nm t r a n s i t i o n  and a l s o  by rf and microwave 

r a d i a t i o n  resonant  w i t h  var ious  t r a n s i t i o n s  between ground-s ta te  sub leve l  s .  

Scat te red  280 nm photons a r e  c o l l e c ~ e d  by a m i r r o r  and counted by a photo-  
m u l t i p l i e r  tube, w i t h  a n e t  d e t e c t i o n  e f f i c i e n c y  o f  about  

2 

A Penning t r a p  conf ines  i ons  by a combinat ion o f  a un i fo rm s t a t i c  magne- 

t i c  f i e l d ,  

f i e l d  causes the  ions  t o  move i n  c i r c u l a r  " c y c l o t r o n "  o r b i t s  i n  the  x-y plane. 

The e l e c t r i c  f i e l d s  p rov ide  a harmonic r e s t o r i n g  f o r c e  f o r  t he  a x i a l  (2 )  
mot ion  and cause the  centers  o f  t he  c y c l o t r o n  o r b i t s  t o  move i n  t h e  x-y p lane 

i n  c i r c u l a r  "magnetron" o r b i t s  around the  t r a p  symmetry a x i s .  The angu la r  

f requenc ies  corresponding t o  the  axial . ,  cyc lo t ron ,  and magnetron mot ions  a re  

denoted by w Z ,  w;. and W, r e s p e c t i v e l y .  Fo r  t y p i c a l  o p e r a t i n g  c o n d i t i o n s ,  

w 

Bo f lT ,  and a p o t e n t i a l  Vo E 7 V i s  a p p l i e d  across the  t r a p  e lec t rodes ,  

which have i n s i d e  dimensions o f  about 1 cm. The a x i a l  and c y c l o t r o n  mot ions 

a r e  thermal and s tab le .  The magnetron mot ion  i s  nonthermal and uns tab le ,  

s ince  an i nc rease  i n  the  s i z e  o f  the  magnetron o r b i t  leads  t o  a decrease i n  
t h e  t o t a l  ( k i n e t i c  p lus  p o t e n t i a l )  energy. However, s to rage t imes of about  

1 day have been observed, even w i t h o u t  l a s e r  coo l i ng .  The background p res -  

sure  i s  t y p i c a l l y  5 IO-* Pa. 

= Bo i, and a quadrupolar e l e c t r o s t a t i c  p o t e n t i a l .  The magnetic 

2n - 200 kHz, U; 27 800 kHz, and wm 2 27 . 25 kHz. T y p i c a l l y ,  
2 
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The 280 nm r a d i a t i o n  was produced by f requency  d o u b l i n g  the  o u t p u t  o f  a 

single-mode cw Rhodamine 110 dye l a s e r  i n  a 90° phase-matched AD*P c r y s t a l .  

Between 5 and 30 pW o f  UV r a d i a t i o n  was generated i n  a bandwidth o f  about 

1 M H z .  The dye l a s e r  cou ld  be long- te rm s t a b i l i z e d  t o  d i s c r e t e  f requenc ies  

t o  l e s s  than 1 M H z  by l o c k i n g  i t  t o  s a t u r a t e d  abso rp t i on  fea tu res  i n  12. 
F i n e  t u n i n g  cou ld  be done by v a r y i n g  the  t r a p  magnet ic f i e l d  t o  Zeeman s h i f t  

t he  Mg' l e v e l s .  Fo r  e f f i c i e n t  l a s e r  c o o l i n g .  t h e  UV l i n e w i d t h  must be l e s s  

than t h e  Doppler w i d t h  o f  t he  t r a n s i t i o n  ( 3  G H z  a t  300K). b u t  need n o t  be  

much l e s s  than t h e  n a t u r a l  l i n e w i d t h  (43 M H z ) .  

3. Laser  Coo l ing  i n  a Penning Trap 

The b a s i c  p r i n c i p l e  o f  l a s e r  c o o l i n g  i s  t h a t  l i g h t  p ressu re  can be used t o  
damp t h e  v e l o c i t y  o f  an atom o r  i o n  i f  the  l i g h t  f requency  i s  tuned s l i g h t l y  

below t h a t  o f  a s t r o n g  o p t i c a l  t r a n s i t i o n .  The process i s  e a s i l y  desc r ibed  

f o r  t he  case of  f r e e  o r  ha rmon ica l l y  bound atoms [9,13-161. Atoms whose 

v e l o c i t i e s  a r e  d i r e c t e d  toward t h e  l i g h t  source see a f requency  Dopp ler  

s h i f t e d  c l o s e r  t o  resonance; i f  t h e i r  v e l o c i t i e s  a r e  d i r e c t e d  away f rom t h e  

source, t he  f requency s h i f t  i s  away f rom resonance. There fore ,  t h e  atoms 

tend t o  absorb photons when t h e i r  v e l o c i t y  i s  d i r e c t e d  toward the  source. 

Th is  coo ls  them, s i n c e  the  momentum o f  t h e  absorbed photons reduces t h e  

atomic momentum. (The photons a r e  r e - e m i t t e d  i n  random d i r e c t i o n s . )  Three- 

dimensional  c o o l i n g  can be ob ta ined  w i t h  s i x  l a s e r  beams d i r e c t e d  a long  

the  i x ,  i y, and i z d i r e c t i o n s .  A s i n g l e  beam s u f f i c e s  to. coo l  a l l  o s c i l -  

l a t i o n a l  modes o f  an atom bound i n  a th ree-d imens iona l  harmonic p o t e n t i a l ,  

if t h e  modes a r e  nondegenerate and i f  t h e  beam i s  n o t  d i r e c t e d  a long  one o f  

the  p r i n c i p a l  axes. 

takes p lace  by the  process j u s t  descr ibed f o r  f r e e  o r  ha rmon ica l l y  bound 

atoms, i f  the  l i g h t  i s  tuned below resonance [ 1 7 ] .  Coo l ing  o f  t he  magnetron 

mode can be accompl ished by focus ing  the  l i g h t  beam so t h a t  i t  i s  more i n -  
tense on the  s i d e  o f  t h e  t r a p  a x i s  on which the  magnetron mo t ion  recedes 

from t h e  l i g h t  source [6-8,171. By " c o o l i n g "  of  a mode, we mean the  reduc-  

t i o n  o f  t he  average k i n e t i c  energy i n  t h a t  mode, rega rd less  o f  what happens 

t o  the  p o t e n t i a l  energy. I n  o r d e r  t o  e f f i c i e n t l y  coo l  a l l  modes, t h e  ang le  

between the  beam and the  z a x i s  should be about  4 5 O ;  t h e  optimum ang le  de- 

pends on the  angu la r  d i s t r i b u t i o n  o f  t he  s c a t t e r e d  photons 1171. We have 

de r i ved  r a t e  equat ions  f o r  t he  l a s e r  c o o l i n g  o f  an i o n  i n  a Penning t r a p  by 

Coo l i ng  o f  t he  a x i a l  and c y c l o t r o n  modes o f  an  i o n  i n  a Penning t r a p  
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a s i n g l e  nonuniform l i g h t  beam I171. So lv ing  these equat ions ,  we f i n d  t h a t  

i t  should be p o s s i b l e  t o  cool  an  i o n  t o  a " temperature" T g i ven  by  k B T g f i  y/2, 

where kB i s  Bol tzmann's cons tan t  and y i s  t h e  n a t u r a l  l i n e w i d t h  o f  the  upper 

s t a t e .  The " temperature" i s  de f ined i n  terms o f  t h e  mean k i n e t i c  energy and 

may be d i f f e r e n t  f o r  t h e  d i f f e r e n t  modes. Fo r  Mg', t h i s  minimum temperature 

i s  about 1 mK. 

4 .  O p t i c a l  Pumping and Double Resonance 

The ex t remely  l o n g  ground-s ta te  r e l a x a t i o n  t imes p o s s i b l e  f o r  s t o r e d  i o n s  
make i t  p o s s i b l e  t o  observe v e r y  narrow t r a n s i t i o n  l i n e w i d t h s  and t o  observe 

ve ry  weak o p t i c a l  pumping processes. An i o n  must s c a t t e r  about 10 o p t i c a l  
photons i n  o rde r  t o  be coo led  s i g n i f i c a n t l y  below room temperature.  There- 

fore,  even weak depopu la t i on  pumping processes would have an adverse e f f e c t  

on the  coo l i ng .  Cool ing,  i n  tu rn ,  i n f l uences  t h e  o p t i c a l  pumping by reduc ing  

the  Doppler broadening u n t i l  i t  i s  l e s s  than the  n a t u r a l  l i n e w i d t h .  Th is  

makes i t  p o s s i b l e  f o r  a monochromatic l a s e r  t o  i n t e r a c t  s t r o n g l y  w i t h  a l l  of  

t h e  i ons  and n o t  j u s t  w i t h  a smal l  v e l o c i t y  c lass .  
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24 + F ig .2 .  O p t i c a l  pumping and doub le  resonance o f  Mg 

Genera l l y ,  t h e  ( 2 SlI2, MJ = -1/2) -* ( P3/2, M = -3/2) Zeeman component 

was used f o r  l a s e r  c o o l i n g  o f  24Mg+, which  has 1.0 (see F ig .2 ) .  T h i s  t r a n -  

s i t i o n  does n o t  l e a d  t o  depopu la t i on  pumping o f  t he  ground s t a t e ,  s ince  t h e  

MJ = -3/2 e x c i t e d  s t a t e  sub leve l  must decay t o  the  MJ = -1/2 ground s t a t e  
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sublevel.. When t h i s  t r a n s i t i o n  i s  d r i v e n  near resonance w i t h  l i g h t  p o l a r i z e d  
pe rpend icu la r  t o  the  magnetic f i e l d ,  the ( 2 SlI2, MJ = -1/2) + ( 2 P3/2, 

2 ( P3,2, MJ = - 1/2) t r a n s i t i o n s  a r e  MJ = + 1/2) and ( SlI2, MJ = + 1/2) + 

d r i v e n  weakly i n  t h e i r  L o r e n t z i a n  wings ( t h e  Zeeman s p l i t t i n g  i s  much 

g r e a t e r  than t h e  Doppler broadening).  I n  t h e  steady s t a t e ,  which i s  achieved 

i n  5 Is, 16/17 94% of t he  p o p u l a t i o n  i s  i n  t h e  MJ =.-1/2 ground-s ta te  sub- 

l e v e l  [ l o ] .  
2 The ground-state Zeeman t r a n s i t i o n  ( Slj2, MJ = -1/2 + + 1/2) can be de- 

tec ted  by a decrease i n  the  f l uo rescence  i n t e n s i t y .  T h i s  " f l o p - o u t "  de tec -  

t i o n  method can be ve ry  e f f i c i e n t ,  s ince  a t r a n s i t i o n  due t o  a s i n g l e  m ic ro -  

wave photon i n t e r r u p t s  t h e  f l o w  o f  s c a t t e r e d  o p t i c a l  photons u n t i l  t h e  i o n  
i s  pumped back t o  t h e  MJ = -1/2 sub leve l  by weak, o f f - resonance  s c a t t e r i n g .  

Since t h e  decrease i n  the  number o f  s c a t t e r e d  photons pe r  i o n  can be v e r y  

l a rge ,  i t  i s  p o s s i b l e  t o  make up f o r  poor l i g h t  c o l l e c t i o n  and d e t e c t o r  quan- 

tum e f f i c i e n c y ,  so t h a t  t he  t r a n s i t i o n  can be de tec ted  w i t h  n e a r l y  u n i t  e f -  

f i c i e n c y .  S i m i l a r  d e t e c t i o n  methods have been proposed p r e v i o u s l y  18 . 

2 

2 2 The ( SlI2 ,  MI = -5/2,  NJ = -1/2) + ( P3/2, MI = -5/2, MJ = -3/2) hyper-  

fine-Zeeman component was g e n e r a l l y  used f o r  l a s e r  c o o l i n g  o f  25Mg+ (I =5/2 ) .  
I n  t h e  steady s t a t e ,  about  16/17 o f  t he  p o p u l a t i o n  i s  pu,mped i n t o  t h e  

(MI = -5/2, MJ = - 1 / 2 )  ground-state sub leve l .  Pumping i n t o  the  MJ = -1/2 
m a n i f o l d  takes p l a c e  by t h e  same mechanism as i n  24Mg+. Pumping i n t o  t h e  

MI = -5/2 sub leve ls  takes p lace  because of  h y p e r f i n e  c o u p l i n g  i n  the  e x c i t e d  

s t a t e  [ l o ] .  Any t r a n s i t i o n  which decreases the  p o p u l a t i o n  i n  t h e  (MI = -5/2, 
MJ = - 1/2) g round-s ta te  sub leve l  can be de tec ted  by a decrease i n  t h e  

f luorescence i n t e n s i t y .  

5. Resu l t s  

I n  the  Penning t r a p ,  low temperatures become e a s i e r  t o  achieve as t h e  i o n  

d e n s i t y  i s  reduced. Th is  i s  because the r a d i a l  e l e c t r i c  f i e l d  due t o  space 

charge increases t h e  magnetron v e l o c i t y .  Th i s  problem does n o t  e x i s t  f o r  a 

s i n g l e ,  i s o l a t e d  i on ,  and the l o w e s t  temperatures were observed f o r  t h i s  

case [E]. 
F i g u r e  3 shows t h e  f l uo rescence  f rom a smal l  number o f  24Mg+ i o n s  as a 

f u n c t i o n  of  t ime.  A f t e r  t he  i ons  were cooled and l o c a l i z e d  a t  t r a p  cen te r ,  

an oven c o n t a i n i n g  '%g (98% i s o t o p i c  p u r i t y )  was heated i n  o r d e r  t o  induce 

the  resonant  charge exchange r e a c t i o n  (24Mg+ + 25Mg + 24Mg + 25Mg+). The 
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Fig.3.  Fluorescence f rom 3, 2, and 1 24M9+ ions  

r e s u l t i n g  25M9t i ons  were e j e c t e d  f rom the  t r a p  by resonant  cyclotronmagne- 

t r o n  rf e x c i t a t i o n .  The t h r e e  l a r g e  s tep  decreases i n  f luorescence a r e  due 

t o  l o s s  o f  t h e  24Mg+ ions, one a t  a time, and t h e  l a s t  p l a t e a u  above back- 

ground i s  t h e  f luorescence f rom a s i n g l e  i o n .  The s i g n a l  was about 50 photons/s 

pe r  i on .  

The " temperature" o f  a s i n g l e  24M9+ i o n  was determined f rom t h e  Dopp ler  

w i d t h  by o p t i c a l - o p t i c a l  double resonance (see F ig .4 ) .  One l a s e r  was tuned 

s l i g h t l y  below the  ( SlI2, MJ = -1/2) -, ( P3,2, M = -3/2) t r a n s i t i o n ,  t o  

p rov ide  c o o l i n g  and f l uo rescence  d e t e c t i o n .  A l ow  power l a s e r  was swept con- 

t i n u o u s l y  across  the  ( S l I 2 ,  MJ = -1/2) + ( P3/2, MJ = -1/2) t r a n s i t i o n ,  

which was de tec ted  by a decrease i n  the  f luorescence.  The r e s u l t i n g  l i neshape  

r e f l e c t s  bo th  t h e  n a t u r a l  and Dopp ler  broadenings. The da ta  p o i n t s  rep resen t  

10s i n t e g r a t i o n s ;  t h e  connect ing  l i n e s  a r e  o n l y  f o r  c l a r i t y .  S imu la ted  curves  

a r e  shown f o r  temperatures o f  0 K and 1000 mK. We es t ima te  t h a t  T = 50 f 30 mK. 
Since t h e  l i g h t  was i n c i d e n t  a t  8Z0 w i t h  respec t  t o  t h e  z ax i s ,  t h i s  i s  es- 

2 2 
J 

2 2 

s e n t i a  

a x i a l  

excurs 

should 

and an 

l y  a measurement o f  t he  cyc lo t ron-magnet ron  ( x -y )  temperature.  The 

z )  temperature was es t ima ted  t o  be about  600 mK by p rob ing  t h e  a x i a l  
ons w i t h  a focused l a s e r  beam. Accord ing  t o  o u r  c a l c u l a t i o n s ,  i t  

be p o s s i b l e  t o  o b t a i n  a cyc lo t ron-magnet ron  temperature o f  about  1 mK 

a x i a l  temperature o f  about  11 mK f o r  these c o n d i t i o n s  [l?].  A t  p r e -  

sen t ,  t h e  d isc repancy  i s  n o t  understood, b u t  may be due t o  t h e  presence o f  

i m p u r i t y  i o n s  i n  the  t r a p .  

Ground-s ta te  Zeeman and h y p e r f i n e  t r a n s i t i o n s  were de tec ted  by t h e  o p t i  - 
cal-pumping, double-resonance methods o u t l i n e d  p r e v i o u s l y .  The o n l y  t r a n -  

s i t i o n  i n  24#g+ i s  t h e  e l e c t r o n i c  s p i n  f l i p  t r a n s i t i o n  (see F ig .2 ) .  Several  
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F i g . 4 .  O p t i c a l - o p t i c a l  double resonance o f  a s i n g l e  24Mg+ i o n  

t r a n s i t i o n s  i n  25Mg+, cor respond ing  t o  b o t h  nuc lea r  and e l e c t r o n i c  s p i n  

f l i p  t r a n s i t i o n s ,  were observed. Most t r a n s i t i o n s  were broadened by the i n -  

s t a b i l i t y  o f  Bo, which was, a t  bes t ,  about  1 ppm i n  a few seconds. The mag- 

n e t i c  f i e l d  d e r i v a t i v e  o f  t he  (MI, MJ) = ( -  3/2, + 1/2) - ( -  1/2, + 1/2) 
t r a n s i t i o n  goes t o  zero a t  Bo 
was observed w i t h  l i n e w i d t h s  as narrow as 0.012 Hz (see F ig.5) .  The o s c i l -  

1.2398 T. Near t h i s  f i e l d ,  t h e  t r a n s i t i o n  

' 1.88 1.89 1.90 1.91 1.92 
RF Frequency - 291 996 250 (Hz 1 

I I 4 4 , I 

F ig .5 .  25Mg+ (M1,M ) = ( -  3/2),  + 1/2)-(-  1/2, + 1/2) 
ground-s t a t e  hyper$, ne resonance 
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l a t o r y  l ineshape r e s u l t s  f rom the use o f  t he  Ramsey i n t e r f e r e n c e  method (191, 

which was implemented by d r i v i n g  t h e  t r a n s i t i o n  w i t h  two coherent  rf pu lses  

o f  1.02 s d u r a t i o n  separated by 41.4 s. The c e n t e r  o f  t h e  resonance can be 

determined w i t h  an u n c e r t a i n t y  o f  about  Several  d i f f e r e n t  t r a n s i t i o n  

f requenc ies  were measured i n  o r d e r  t o  o b t a i n  separa te l y  the  hyper f i ne  con- 

s t a n t  ( A  = -596.254 376 (54)  M H z )  and t h e  n u c l e a r - t o - e l e c t r o n i c  g f a c t o r  

r a t i o  (gI/gJ = 9.299 484 (75) x [lll. 

6. Fu tu re  P o s s i b i l i t i e s  

Work i s  be ing  i n i t i a t e d  a t  NBS on t h e  development o f  a microwave frequency 

and t ime  s tandard  based on a h y p e r f i n e  t r a n s i t i o n  i n  'OIHg+ and o f  an  o p t i -  

c a l  f requency s tandard  based on  a two-photon t r a n s i t i o n  t o  a metas tab le  s t a t e  

i ons  s to red  i n  a Penning t r a p  and use the  6s 2 SlI2 -+ 6p 2P1/2 194 nm t r a n -  

s i t i o n  f o r  l a s e r  c o o l i n g .  

The proposed microwave frequency s tandard  i s  based on  t h e  (F, MF) 
= (1,l) c-.(2,1) t r a n s i t i o n ,  which i s  f i e ld - i ndependen t  t o  f i r s t  o r d e r  a t  

Bo 0.534 T, w i t h  f requency 

b e t t e r  than 0.1 ppm ove r  the  i o n  c loud,  t he  f r a c t i o n a l  f requency  s h i f t  can 

be kep t  below A l l  o t h e r  sys temat ic  s h i f t s ,  such as those due t o  the  

second-order Doppler e f f e c t ,  c o l l i s i o n s ,  t h e  t r a p  e l e c t r i c  f i e l d s ,  o r  t h e r -  
mal r a d i a t i o n ,  appear t o  be l e s s  than 

serve t h e  t r a n s i t i o n  w i t h  a Q o f  2.6 x lo1' o r  b e t t e r ,  by  us ing  o p t i c a l  pump- 

i n g  and d e t e c t i o n  techn iques  s i m i l a r  t o  those demonstrated w i th  25N9+. The 

accuracy of  t h i s  s tandard  cou ld  be as good as 

b e t t e r  than t h a t  of t h e  b e s t  f requency standards now a v a i l a b l e .  

5d1° 6s 2S 

7.4 x 

t he  t r a n s i t i o n  w i t h  counter -p ropagat ing  563.2 nm l a s e r  beams. Hyper f ine-Zeman 

components whose magnet ic f i e l d  d e r i v a t i v e s  van ish  a t  p a r t i c u l a r  values of 

Bo e x i s t  i n  lg9Hg+ and '01 Hg + . The two-photon t r a n s i t i o n  can be de tec ted  w i t h  

h i g h  e f f i c i e n c y  by us ing  t h e  194.2 nm f l uo rescence  i n t e n s i t y  as a probe of  

t he  ground s t a t e  popu la t i on .  Taking f u l l  advantage o f  t h e  h i g h  Q t r a n s i t i o n  

would r e q u i r e  a l a s e r  w i t h  l i n e w i d t h  l e s s  than  1 Hz. which does n o t  e x i s t  a t  

p resent .  However, l i n e w i d t h s  5100 Hz appear f e a s i b l e  and cou ld  be used f o r  

in 199 Hg+ or 201 + 
Hg . Both proposed standards a r e  based on a c loud  o f  Hg' 

25.9 GHz.  I f  Bo can be c o n t r o l l e d  t o  s l i g h t l y  

I t  shou ld  be p o s s i b l e  t o  ob- 

wh ich  i s  about  100 t imes 

The proposed o p t i c a l  f requency s tandard  i s  based on t h e  two-photon-allowed 

-+ 5d9 6s' 2D5/2 Hg+ t r a n s i t i o n ,  which has a n a t u r a l  Q o f  

The f i r s t - o r d e r  Doppler e f f e c t  can be e l i m i n a t e d  by d r i v i n g  
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i n i t i a l  exper iments.  I f  the  l a s e r  l i n e w i d t h  i s  l e s s  than t h e  n a t u r a l  l i n e -  

width,  then t h e  ac S t a r k  s h i f t  i s  about  2 x near  s a t u r a t i o n .  A l l  o t h e r  

sys temat ic  s h i f t s  appear t o  be l e s s  than 

The method c u r r e n t l y  be ing  i n v e s t i g a t e d  f o r  genera t ing  t h e  r e q u i r e d  

194.2 nm r a d i a t i o n  i s  sum-frequency m i x i n g  i n  a KB5 c r y s t a l  o f  t h e  o u t p u t  

o f  a 792 nm single-mode cw r i n g  dye l a s e r  and t h e  second harmonic. generated 

i n  an ADP c r y s t a l ,  o f  the o u t p u t  o f  a 514 nm s t a b i l i z e d ,  s ing le-mode cw Ar' 
l a s e r .  The method has been demonstrated p r e v i o u s l y  w i t h  pu lsed l a s e r s  [211. 

F u r t h e r  d e t a i l s  o f  these proposed Hg' frequency s tandards a r e  p u b l i s h e d  

e l  sewhere [ 121. 
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