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ABSTRACT 

The method of ion storage provides a basis for excellent time and 
frequency standards. This is due to the a b i l i t y  to confine ions for long 
periods of time without the usual perturbations associated with 
confinement (e.g. wall shifts). In addition, Doppler effects can be 
greatly suppressed. The use of stored ions for microwave frequency 
standards and the future possibilities for an optical frequency standard 
based on stored ions are addressed. 

Since the pioneering work of Dehmelt and coworkers [ I ]  it has been 
realized that the techniques of ion storage provldc some f~ndament~al 
ddvantages over other devices for improved frequency and time standards. 
This assertion is based largely on the ability to confine ions for long 
periods of time without the usual perturbations associated with confine- 
ment. Samples of ions have been stored in electromagnetic traps for as 
long as days. [ I - 3 1  This means that the interaction time for tho ions cqn 
be quite long which gives r i s e  to large line Q (transition frequency 
divided by the linewidth) and high spectral resolution. For example, the 
linewidth of a cesium beam is limited by the transit time between the two 
ends n f  the Ramsey cavity. Linewidths of 0.01 Hz have already becn 
observed for stored M ~ +  ions. C41 This wouId correspond to a cesium beam 
tube of about 10 km length. The long term confinement also implies that 
the average velocity <?> of the ions approaches zero and first order 
Doppler shifts can be made very small. C51 This characteristic, which is 
also shared by rubidium clocks and hydrogen masers, gives an advantage over 
atomic beam devices where a correction must be made for cavity phase shift 
errors which are a form of residual first order Doppler cffects. In 
addition, typical confinement dimensions of < 1 cm imply that the Dicke 
criterion [ 6 1  (confinement dimensions < wavelength) can b e  easily 
satisfied in the microwave region of the spectrum. This nearly eliminates 
any first order Doppler broadening of the microwave spectrum. It also 
appears that the D i c k e  criterion can be met in the optical region of the 
spectrum with laser cooling (to be described) on a single stored ion. 
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The ion  s t o r a g e  techni-que has  t:he advan tage  t h a t  i t  l a c k s  Lne  u s u a l  
per turb .a t , ions  a s s o c i a t e d  wi th  conf inement .  For exampl  c ,  t h e  f requency  
s h i f t s  a s s o c i a t e d  wi th  c o l l i s i o n s  of atoms w i t h  i d e n t i c a l  a toms,  b u f f e r  
g a s e s ,  o r  c o n t a i n e r  w a l l s  such as i n  rubidium clocks o r  hydrogen masers  
a r e  very  s m a l l .  I o n s  a r e  o f t e n  s t o r e d  under c o n d i t i o n s  of u l t r a h i g h  
vacuum s o  t h a t  f r equency  s h i f t s  due t o  i o n  c o l l i . s i o n s  wi th  background 
n e u t r a l s  a r e  n e g l i g i b l e .  Frequency s h i f t s  due t o  ion- ion collisions a r e  
caused by t h e  e l e c t r i c  f i e l d s  of  t h e  Coulomb r e p u l s i o n .  These s h i f t s  a s  
w e l l  a s  f r equency  s h i f t s  due  t o  t h e  e l e c t r i c  f i e l d s  of  t h e  t r a p  c a n ,  i n  
many c a s e s ,  be made ex t remely  small. ( <  I O - ' ~ ) .  [5,7,81 

Two t y p e s  of  t r a p s  have s o  f a r  been used f o r  a tomic  c l o c k  exper iments .  
The Paul  [91  o r  r f  t r a p  u s e s  inhomogeneous r f  e l e c t r i c  f i c l d s  t o  p r o v i d e  
conf inement  i n  a  p s e u d o p o t e n t i a l  w e l l  [ I ] .  I t  i s  t h e  t,hree dimensional 
a n a l o g  of t h e  Paul  quadrupo lc  mass f i l t e r .  To s e e  how i t  works we f i r s t  
n o t e  t h a t  i n  a (homogeneous) s i n u s o i d a l  r f  e l e c t r i c  f i e l d ,  ion  motion i s  
s i n u s o i d a l  b u t  is 180 d e g r e c s  o u t  of  phase  w i t h  respc?ot to t h e  c l p c t r i c  
f o r c e .  If t h e  f leld is somewhat inhomogeneous, i t  is easy t o  show t h a t  
t h e  f o r c e  on t h e  ion averaged  over one c y c l e  of t h e  d r i v e n  motinn is 
towards  t h e  r e g i o n  of  weaker f i e l d .  I l l  S i n c e  a n  e l e c t r i c  f i e l d  minimurn 
c a n  e x i s t  i n  a c h a r g e  f r e e  r e g i o n ,  s t a b l e  t r a p p i n g  c a n  be accomplished.  
Such a t r a p  is shown s c h e m a t i c a l l y  i n  F i g .  1 where t h e  t h r e e  t r a p  
e l e c t r o d e s  a r e  shdped t o  p r o v i d e  an e l e c t r i c  p o t e n t i a l  of t h e  form 
(r2-2,') i n s i d e  t h e  t r a p .  For t h i s  " i d e a l w  t r a p  s h a p e ,  a n  ion is bound i n  
a n e a r l y  harmonic w e l l .  

The  " i d e a l "  Penn ing  r l O l  t r a p  u s e s  t h e  same e l e c t r o d e  conf iguraCion  as i n  
Fig.  1 b u t  u s e s  s t a t i c  e l e c t r i c  and magnet ic  f i e l d s .  A harmonic po ten t i c l l .  
we l l  is  provided a l o n g  t h e  I1z" a x i s  by s t a t i c  e l e c t r i c  f i e l d s .  T h i s  
however r e s u l t s  i n  a r a d i a l  e l e c t r i c  f i e l d  which f o r c a s  t h e  i n n s  t,owards 
t h e  " r i n g "  e l e c t r o d c .  T h i s  e f f e c t  c a n  be overcome i f  a s t a t , i c  magnet ic  
f i e l d  8 is superimposed a l o n g  t h e  "zll a x i s .  I n  t h i s  c a s e  t h e  x - y  
motion of  t h e  i o n s  is  a composi te  of  c i r c u l a r  c y c l o t r o n  o r b i t s  ( p r i m a r i l y  
due t o  t h e  6 f l e l d )  a n d  a c i r c u l r i r  8 x 3 d r i f t  ( t lmagnetronl l  rnoLion) 
abou t  t h e  t r a p  a x i s ,  

FREQUENCY STANDARI1.C; WL'IHOUT LASER COOLING 

S e v e r a l  g roups  have sough t  t o  deve lop  a  microwave f requency  s t a n d a r d  based 
on t h e  40.5  G H z  h y p e r f i n e  s p l i t t i n g  i n  1 9 9 ~ ~ g +  i o n s  s t o r c d  i n  an r f  t r a p .  
[ l l - 1 5 1  The r e l a t i v e l y  small s i z e  o f  t h i s  d e v i c e  could make i t  a  por  a b l e  
s t a n d a r d  w i t h  p o t e n t i a l  commrrcial  a p p l i c a t i o n s .  The c h o i c c  of t h e  ti9Hg+ 
jon f o r  a microwave f requency  s t a n d a r d  is based on i ts 40.5 (;Hz 
g r o u n d - s t a t e  h y p e r f i n c  s e p a r a t i o n ,  which is  t h e  l n r g e s t  of  qny i n n  which 
might e a s i l y  be used i n  a  f r equency  s t a n d d r d  (hence  h i g h  Q f o r  g i v e n  
i n t e r r o g a t i o n  t i a e ) ,  and i t s  r e l a t i v e l y  l a r g e  mass ( h e n c e  small second 
o r d e r  Doppler s h i f t  f o r  a  g i v e n  t e m p e r a t u r e )  In a d d i t i o n ,  a 7 0 2 ~ g +  1 amp 
s o u r c e  c a n  be  be  used Lo o p t i c a l l y  pump t h e  i 9 9 ~ g '  ground s t d t e .  R 
f r a c t i o n a l  f r equency  s t a b i l i t y  comparable t o  t h a t  of commercial cesium 



s t a n d a r d s  h a s  been demons t ra ted .  [ I 3 1  I n  t h e s e  e x p e r i m e n t s ,  t h e  second 
o r d e r  Doppler s h i f t  can be reduced by c o o l i n g  t h e  i o n s  w i t h  a  l i g h t  
n e u t r a l  b u f f e r  gas  ( e . g .  hel ium o r  hydrogen) .  With b u f f e r  g a s  p r e s s u r e s  
up  t o  lo-' Pa t h e  s e c o l a r  motion of  thc! i o n s  i n  t h e  p s u e d o p o t e n t i a l  w e l l  
c a n  be thermal i zed  t o  t h e  ambient  t e m p e r a t u r e .  [ I  41 For H ~ +  a t  room 
t e m p e r a t u r e ,  t h e  second o r d e r  Doppler s h i f t  is abou t  7 x 
U n f o r t u n a t e l y ,  t h e  second o r d e r  Doppler s h i f t  due t o  t h e  micromotion of t h e  
i o n s  can  be much l a r g e r .  [ 1 , 1 4 1  The s i z e  of t h e  micromotion c o n t , r i b u t i o n  
t o  t h e  2nd o r d e r  Doppler s h i f t  depends on t h e  s i z e  of  t h e  inn  c l b u d ,  o r ,  
f o r  a  g i v e n  ion  number d e n s '  y ,  on t h e  t o t a l  number of i o n s .  Consequent,ly 
i n  t h e  per iormance o f  t h e  14'Hg+ f r e q u e n r y  s t a n d a r d  t h e r e  is  a  t r a d e o f y  
between s y s t e m a t i c  e r r o r s  due t o  t h e  2nd o r  cr Doppler s h i f t  and g s i g n a l - t o - n o i s e  r a t , i o .  For a c loud  of -10 i o n s  a n  a c c u r a c  of 2 x 
10- l3  and f r a c t i o n a l .  f'requency s t a b i l i t y  of o ( T I  ; 2 x 1 appcnr  Y 
a c c e s s i b l e . [ l 4 ]  T h i s  would be abou t  a n  o r d e r  of magnitude improvement 
i n  accuracy  and s t a b i l i t y  o v e r  commercia l ly  a v a i l a b l e  cesium f requency  
s t a n d a r d s .  

I n  a d d i t i o n ,  o p t i c a l  microwave double  resonance  exper iments  on s t o r e d  i o n s  
have been performed u s i n g  t u n a b l  lasers  a s  l i g h t  s o u r c e s .  The ground- 
s t a t e  h y p e r f i n e  s p l i t t i n g 3  o f  13'Bai, 1161 1 3 5 ~ a ' ,  [ I 7 1  and l7 'yb'  [ I 8 1  
have been measured,  u s i n g  p u l s e d  dye l a s e r s  and r f  t r a p s .  Microwave 
r e s o n a n c e s  a s  narrow a s  60 mMz were observed i n  I 7 ' y b + .  T h i s  has a  1-ine 0 
o f  7 x 10' . I n  some c a s e s ,  o p t i c a l  purnpi ng o u t  of t h e  a b s o r b i n g  ground 
s t a t e  p r e v e n t s  use  of  t h e  double-resonance method. T h i s  problem may b e  
overcome, however, w i t h  t h e  u s e  of  c o l l i s i o n a l  r e l a x a t i o n  C16,191. 

FREQUENCY STANDARDS WITH LASER C O O L I N G  

A fundamental. l i m i t s t i o n  of t h e  above ion  t r a p  exper iments  is t h e  2nd 
o r d e r  Doppler s h i f t .  I n  1975 p r o p o s a l s  [20 ,21?  were made which cou ld  
f u r t h e r  reduce t h e  second o r d e r  Doppler s h i f t  by a p r o c c s s  c a l l e d  l n s e r  
cool-ing ( a l s o  c a l l e d  o p t i c a l  s ideband  cool.ing o r  r a d i a t i o n  p r e s s u r e  
c o o l i n g ) .  Lqscr  c o o l i n g  is a method by which a beam of  l i g h t  can  be used 
t o  damp t h e  v e l o c i t y  of a n  atom o r  i on .  The b a s i c  mechanism f o r  c o o l i n g  
of  a t r a p p e d  i o n  by a l a s e r  beam tuned s l i g h t l y  lower  i n  f r equency  t h a n  a 
s t r o n g l y  a l lowed resonance  t r a n s i t i o n  is  as  f o l l o w s :  when t h e  v e l o c i t y  of  
t h e  ion is d i r e c t e d  a g a i n s t  t h e  l .aser  beam, t h e  l i g h t  f r equency  i n  t h e  
i o n ' s  frame is Doppler s h i f t e d  c l o s e r  t o  r e sonance  s o  t h a t  t h e  l i g h t  
s c a t t e r i n g  t a k e s  p l a c e  a t  a h i g h e r  r a t e  t h a n  when t h e  v e l o c i t y  is a l o n g  
t h e  l a s e r  beam. S i n c e  t h e  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 ,  t h e  
n e t  e f f e c t ,  o v e r  a mot,ional c y c l e ,  is t o  damp t h c  i o n ' s  v e l o c i t y ,  due t o  
a b s o r p t i o n  o f  photon momentum. I f  t h e  l n s c r  f r equency  is  tuned above 
rcsonance ,  i t  c a u s e s  h e a t i n g .  I n  c e r t a i n  c a s e s  1 ,aser  c o o l i n g  can  reduce  
t h e  ion  t e m p e r a t u r e  below 1 K .  Because of rf h e a t i n g ,  i t  may be more 
d i f f i c u l t  t o  do s i g n i f i c a n t .  l a s e r  c o o l i n g  on a c loud  of many i o n s  i n  a n  rf 
t r a p  t h a n  i n  a  Penning t r a p .  [PI Consequent ly  l n s e r  c o o l i n g  exper iments  
wi th  a c l o u d  o f  many i o n s  have  p r i m a r i l y  been done i n  Penning t r a p s .  



Laser  c o o l i n  of M ~ '  [4 ,22-241 and ~ e +  C25,261 i o n s  i n  a  Penning t r a p  h a s  8 been achieve For  bo th  type3 of  ions,. t h e  l i g h t  sources were t h e  second 
harmonics ,  g e n e r a t k d  i n  n o n l i n e a r  c r y s t a l s ,  o f  cw dye l a s e r s .  The i o n s  
were o p t i c a l l y  d e t e c t e d  by m o n i t o r i n g  t h e  c o o l i n g  l a s e r  l i g h t  s c a t t  r e d  by & - 1  t h e  i o n s .  Because t h e  photon s c a t t e r  r a t e s  c a n  be v e r y  l a r g e  ( >  10 s 
p e r  i o n ) ,  t h e  o p t i c a l  d e t e c t i o n  p r o v i d e s  a ve ry  s e n s i t i v e  d e t e c t i o n  
t e c h n i q u e  where t h e  n o i s e  i n  t h e  sys tem can  be l i m i t e d  t o  t h e  s t a t i s t i c a l  
f l u c t u a t i o n s  i n  t h e  number o f  i o n s  t h a t  made t h e  c l o c k  t r a n s i t i o n .  C271 

A s  a  s t e p  towards  r e a l i z i n g  a  f r equency  s t a n d a r d  based on l a s e r  coo led  
s t o r e d  i o n s ,  a c l o c k  based on a h y p e r f i n e  t r a n s i t , i o n  i n  9 ~ e +  h a s  been 
c o n s t r u c t e d  C261. The a v e r a g e  f requency  of a n  r f  o s c i l l a t o r  was locked t o  
Lyle (MI,MJ) = (-3/2, 1 / 2 1  t o  ( -1 /2 ,  1/21 n u c l e a r  s p i n  f l i p  t r a n s i t i o n  i n  
t h e  ground s t a t e  of ' ~ e  , n e a r  t he  magnet ic  f i e l d  (0.8194 T) a t  which t h e  
f i r s t  d e r i v a t i v e  of  t h e  f requency  wi th  r e s p e c t  t o  f i e l d  goes t o  z e r o .  The 
i o n s  were coo led  t o  l e s s  t h a n  2K. The 303 MHz resonance  was obse rved  wi th  
25 mHz l i n e w i d t h  by r f - o p t i c a l  doub le  resonance  ( s e e  F i g .  7 ) .  The 
f requency  s t a b i l i t y  of t h e  locked o s c i l l a t o r  ( o  ( 7 )  2  x 10-" ,-'I2) was 

Y comparable t o  t h a t  of commercial C s  a tomic  beam f requency  s t a n d a r d s .  The 
f r e q u ~ n c y  accuracy  was on t h e  o r d e r  of l i m i t e d  p r i m a r i l y  by t h e  
u n c e r t a i n t y  of  t h e  second-order  Doppler s h i f t  due t o  h e a t i n g  o f  t h e  i o n s  
d u r i n g  t h e  r f  r e sonance  p e r i o d ,  when t h e  c o o l i n g  r a d i a t i o n  was shut.  o f f  i n  
o r d e r  t o  a v o i d  l i g h t  s h i f t s .  A t  t h e  end o f  t h e  20 s Ramvey i n t e r r o g a t i o n  
p e r i o d ,  t h e  ion  t e m p e r a t u r e  had i n c r e a s e d  t o  - 30 K .  The dominant h e a t 7 ~ n g  
mechanism may be due t o  a x i a l  asymmetr ies  i n  t h e  t r a p .  128,791 Reduct ion 
of  t h e  h e a t i n g  (and c o n s e q u e n t l y  t h e  second o r d e r  Doppler s h i f t )  by a n  
o r d e r  of  magnitude shou ld  be  p o s s i b l e  by c o n s t r u c t i n g  a  t r a  wi th  be t t e r*  
a x i a l  symmetry o r  by t h  u s e  of a second t y p e  of  ion ( o . g .  q4Mg') t o  "syrn- 
p a t h n t  i o a l l y "  c o o l  t h e  'Ref i o n s .  172,131 Primary cesium s t a n d a r d s  a r e  
s l i g h t l y  b e t t e r  t h a n  t h i s  f i r s t  f r equency  s t a n d a r d  based on a l a s e r  coo led  
i on,  b u t  f u t u r e  improvements w i t h  t h e  'Be+ s t a n d a r d  a r e  a n t i c i p a t e d .  

Because 9 ~ e f  is e x p e r i m e n t a l l y  easy  t o  c o o l  w i t h  a  l a s e r ,  i t  was used t o  
i n v e s t i g a t e  t h c  g e n e r i c  problems of a l a s e r  c o  l e d  s t o r e d  ion  f requency  
s t a n d a r d .  Is a microwave r requency  s t a n d a r d ,  'Ref 15 lirnit,ed because  or  
t h e  low 303 MHz f requency  o f  t h e  c l o c k  t r a n s i t i o n .  Clock t r a n s i t i o n  
l i n e w i d t h s  a r e  p robab ly  independen t  of  t h e  s p e c i e s  of  t h e  t r a p p e d  ion  
used .  T h e r e f o r e  a n  ion wi th  as h i g h  a c l o c k  t r a n s i t i o n  f requency  a s  
p o s s i b l e  should  be used i n  o r d e r  t o  i n c r e a s e  t h e  l i n e  Q and r e d u c e  t h e  
measurement i m p r e c i s i o n .  For t h i s  r e a s o n  a  b e t t e r  i o n  f o r  a l a s e r  coo led  
microwave c l o c k  is  H ~ ' .  U n f o r t u n a t e l y  l a s e r  c o o l i n g  is much h a r d e r  t o  
a c h i e v e  w i t h  H@;+ t h a n  w i t h  ~ e +  ( p a r t l y  because  t h e  194 nrn c o o l i n g  
r a d i a t i o n  is d i f f i c u l t  t o  p r o d u c e ) ,  and h a s  n o t  y e t  been demons t ra ted .  A 
p r o p o s a l  f o r  a f requency  s t a n d a r d  based on a  25.9 GHz magnet ic  f i e l d  
independent  t r a n s i t i o n  in 2 0 1 ~ g +  h a s  t h e  o t e n t i a l  of a c h i e v i n g  a b s o l u t e  
a c ~ u r a c i e s  of e t t e r  t h a n  one p a r t  i n  10'' and f requency  s t a b i l i t i e s  of 
l c s s  t h a n  70- lg .  [*?I 



OPTICAL FREQUENCY STANDARDS 

In order to increase the Q even further, one could go to a much higher 
frequency; for example, use a narrow optical transition. The anticipated 
Q in this case can be extremely hlgh, 10'' or more. A number of 
transitions in various ions have been proposed [ 2 ] ;  Dehmelt [301 was the 
first to suggest that such extremely high resolution spectroscopy could bc  
carried out using one photon transitions in, for example, single group 
IIIA ions. Fp& instance the 'so C3 3 Po transition in TL' ( A  = 202 nm) has 
as Q G 5 x 10 . [301 For such optical one photon transitions, it is 
desirable to approximately satisfy the Dicke criterion; this is most 
easily accomplished with single trapped ions [2,30]. Others C3l1 have 
pr posed using Doppler free two photon transitions for example the 2~1,2 

1 4  
+ 'D5/2 transition in FIgf ( 1  = 563 nm, Q ; 7 x 10 . Optical two photon 
transitions using equal frequency photons have the potential of completely 
eliminating the first order Doppler effect for a cloud of many ions where 
it is impossible to satisfy the Dicke criterion. They ultimately have the 
disadvantage that the rather large optical fields necessary to drive the 
transition cause undesirable ac Stark shifts [27,31] .  

The projected accuracy for optical frequency standards sing single ions 
is extremely high. Second order Doppler shifts of 10-I' or lower arc 
possible. 121 Other systematic shifts can occur [l ,2,7,27,30,31 1 but it 
is possible that they can be controllable to this level. These extreme 
accuracies make important the problem of measurement imprecision since the 
signal-to-noise ratio on a single ion will at best be about one for each 
measurement cycle. Practically speaking, this means that a long averaging 
time will be required to reach a measurement precision equal. to these 
accuracies. In fact, for a while, the accuracy and resolution may be 
limited by laser linewidth characteristics (linewidth and linewidth 
symmetry). However, the potential for extremely narrow 1-asers also exists 
II321. 

Unfortunately, to use such laser devices as clocks one must cour~t cycles 
of the radiation, that is, measure its phase. At microwave frequencies 
this is straightforward. At optical frequencies it is technically 
feasible but very hard C331. In any case, the potential accuracy for 
stored ion spectroscopy in all spect,ral regions seems extremely high. 
Frequency standards and clocks with inaccuracy of one part in 1015 appear 
very reasonable, eventually they could be orders of magnitude better than 
this. 
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= BO Si (required for Penning trap) 
r  

e lk rode  rurfaas generated 
by @(r, z) = const. 

U = U O + V O ~ O ~ n t  
(Vo = 0 for Penning trap) 

FIG. 1 Schematic representation of the electrode configurat,ion for the 
" idea l "  Paul (rf) or Penning trap. Electrode surfaces are figures o f  
revolution about the z axis and are equipntentials of c$(r,z) = ~(r~-2z'?). 
(Cylindrical coordinates are used with the origin at the center of the 
trap. ) Typical dimensions are 42 zo = ro E 1 cm. Typical operating 
parameters are :  for the Paul trap, Vo = 300 V/cm, R/2*rr 1 MHz; for the 
Penning trap, Uo 1 V ,  B L I T .  



t requency 

FIG. 2 .  Signal. o b t a i n e d  wit,h two 0.5~3 Ramsc?y pu: ses  : ; e p a r a t e d  b y  a 1 9  s 
f r e e  p r e c i s i o n  i n t e r v a l  on t h e  c lock t , r a n s l t i o n  i n  9 ~ e +  (set t,ext..!. T h c  
sweep width was 1 DO mHz and t h e  f r e q u e n c y  int,crv:jl bg?tw~:?n poi  n t , s  was 
mHz. The d o t s  a r e  e x p e r i m e n t a l  and a r e  t h c  nvcr:Iige of 10 sweeps; t h e  
c u r v e  is a least, squares f i t , .  



QUESTIONS AND ANSWERS 

MR .  H E L L W I G :  What  i s  t h e  d i f f e r e n c e  b e t w e e n  m e r c u r y  1 9 9  a n d  
m e r c u r y  2 0 1 ?  I t  h a s  t o  d o  w i t h  t h e  F n u m b e r s ,  r i g h t ?  

M R .  B O 1 , L I N G E R :  S i n c e  we wanted  t o  d o  a n  e x p e r i m e n t  i n  t h e  P e n n i n g  
t r a p ,  b e c a u s e  t h e  l a s e r  c o o l i n g  a p p e a r s  e a s i e r ,  we h a v e  t o  f i n d  a 
f i e l d  i n d e p e n d e n t  t r a n s i t i o n  a t  a l a r g e  m a g n e t i c  f i e l d ,  and o n e  
e x i s t s  i n  m e r c u r y  2 0 1  a t  a r o u n d  2 9 . 5  CHz .  T h a t ' s  t h e  r e a s o n  t h e  
p r o p o s a l  i s  made  f o r  m e r c u r y  2 0 1  a s  o p p o s e d  t o  m e r c u r y  1 9 9 .  




