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Abstract. - A description is given of the experimental system which was used 
for obtaining Ramsey fringes with an atomic beam for the Ca 657 nm line, and 
for the system which is being set up to obtain fringes with a large absorp­
tion cell for various molecules in the 10 vim region. Details of the cat's eye 
and segmented retroreflector optical systems are discussed. Results obtained 
with Ca include fringe widths as small as 1 kHz HWHM , resolution of 
the recoil splitting, and resolution of second-order Doppler broadening 
and shift. The experiment at 10 \sxs\ is in progress and has already yielded a 
1.25 kHz linewidth (HWHM) for the single zone signal with the SF, molecule. 

Introduction. - The optical Ramsey fringe technique has been developed over the last 
few years to the point where extremely high resolution can now be obtained. Fringes 
have been observed for several atoms and molecules, including Ne (by Bergquist, Lee 
and Hall > ), CH, (by Bergquist, by Kramer, and by Baba and Shimoda ), Ca (by 
Barger, Bergquist, English and Glaze ' ' , and by Helmcke et al., ), and SF, (by 
Borde et al., ). The use of this technique in investigations of the Ca 657 nm line 
at the National Bureau of Standards has produced linewidths as narrow as 1 kHz HWHM. 
This resolution has resulted in 1) complete resolution of the 23 kHz recoil 
splitting, 2) observation of the power contraction of this splitting, and 3) reso­
lution of the second-order Doppler broadening and shift (1.7 kHz) and the attendant 
resolution-dependent distortion and shift of the Ramsey fringe profile. Experiments 
using the Ramsey technique in the 10 iJm region with OsO. are now under way at the 
Laboratoire de Physique des Lasers. The experimental parameters should yield line-
widths of less than 100 Hz and result in resolution of the superfine and hyperfine 
structures present in the 10 Via region spectra of many molecules. In this paper we 
shall discuss some of the experimental techniques which have been used in the 
visible and 10 \m experiments. 

Ca : Experiment 

The calcium atomic beam and fast-stabilized dye laser system used in this 
experiment (Fig. la) are described in detail elsewhere. ' Briefly, the Ca S - Pi , 
m- = 0 => m: = 0 transition was excited in three standing-wave excitation zones 
with a laser beam of mode radius w = 0.18 cm. The dye laser frequency was stabi­
lized to have short-term rms noise of about 1 kHz and long-term drift of less than 
2 kHz/In The total separation 2L of the three excitation zones was varied up to 
21 cm, and the signal obtained by detecting fluorescence from a region about 10 cm 
downstream. 

+ Work supported in part by DRET, NBS, C.N.R.S. and NATO 
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In  order  t o  produce Ramsey f r i n g e s ,  the l a s e r  beams i n  the three zones must 
have wavefronts p a r a l l e l  t o  a  small f r a c t i o n  of a  f r inge  and must have t h e i r  re la -  
t i v e  phases constant i n  time. (Since these phases determine whether the f r inge  
i n t e n s i t y  is  p o s i t i v e  o r  negative, random phase f luc tua t ions  w i l l  cause the f r i n g e  
i n t e n s i t y  t o  average t o  zero). These conditions were met i n  the experiment where 
the f i r s t  observat ion of o p t i c a l  Ramsey f r inges  was achieved by J.L. Hal l  and h i s  

colleagues, '  as  well a s  i n  the e a r l y  experiments6 on Ca, by the  use of two opposing 
c a t ' s  eye r e t r o r e f l e c t o r s  as  indicated i n  the c i r c l e d  i n s e r t  of Fig.  l a .  With the 
c a t ' s  eyes properly focused and f r e e  of aber ra t ions  th ree  beams a r e  obtained which 
a r e  e s s e n t i a l l y  port ions of a  "s ingle  plane wave", thus s a t i s f y i n g  the requirements 
of para l le l i sm and constant  r e l a t i v e  phases. 

Cdcium Dye Laser Spectrometer 

Figure 1 

Experimental system f o r  Ca. a ) S t a b i l i z e d  l a s e r  and c a t ' s  eye o p t i c a l  system. 
b) Segmented r e t r o r e f l e c t o r  o p t i c a l  system. 

The opposing c a t ' s  eye system a l s o  has the  beau t i fu l  and very important pro- 
perty,  commonly c a l l e d  the "pulley effect," 'wherein the r e l a t i v e  phases of the s tan-  
ding wave beams a r e  not  a f fec ted  by changes i n  separat ion of the c a t ' s  eyes,changes 
caused by v ibra t ion ,  f o r  instance.  With a  standing wave node formed a t  the re f lec -  
tion-surface of the c e n t r a l  beam i n  the back c a t ' s  eye of Fig.  l a ,  the locat ions of 
the equal phase po in t s  i n  the th ree  beams a r e  determined by the d i s tance  from t h i s  
node and f o r  these "perfect" c a t ' s  eyes, l i e  on a  s t r a i g h t  l i n e .  I f  the upper 
c a t ' s  eye moves away from the lower one by a  d i s tance  + 6 ,  the c e n t r a l  beam phase 
point  moves by + 6 ,  the  r i g h t  beam phase po in t  by - 6 ,  and the l e f t  beam phase 
point  by +26 .  Thus t h e  equal phase points  s t i l l  l i e  on a  s t r a i g h t  l i n e ,  and, as  
long as  the v ibra t ion  periods a r e  long compared t o  the atomic f l i g h t  time, the 
f r inge  i n t e n s i t y  i s  not  changed. 

I n  the  e a r l y  experiments with Ca, Ramsey f r inges  were obtained with opposing 
c a t ' s  eyes f o r  beam separat ions 2L up to 7 cm. With the op t ics  ava i lab le  t o  us ,  it  
was not  possible  t o  ob ta in  wavefronts of good enough q u a l i t y  t o  produce Ramsey 
f r inges  f o r  l a r g e r  separat ions;  thus,  f o r  higher r e s o l  t ion  an i n t e r f e r ~ m e t r i c a l l ~  
aligned segmented r e t r o r e f l e c t o r  (SRR) was developed. l' As can be seen i n  Fig. Ib 
the SRR cons i s t s  of a  corner cube t o  give r e t r o r e f l e c t i o n ,  two 45" mirrors  (one 
ad jus tab le  i n  angle) t o  t r a n s l a t e  the  r e t r o r e f l e c t e d  beam, and a  small c a t ' s  eye 
or  corner cube t o  r e t r o r e f l e c t  the c e n t r a l  beam. A mechanically s t a b l e  s t r u c t u r e  i s  
obtained by mounting the corner cube and the adjacent 45" mirror  on an A 1  block, 
the c a t ' s  eye on a  second, and the other  45" mirror on a  t h i r d ,  with the blocks 
r i g i d l y  mounted on - 3  cm diam Invar rods. To obtain long-term mechanical s tab i -  
l i t y ,  most of the  o p t i c a l  components a r e  epoxied t o  the blocks. The f i n a l  angular 
adjustement, very s t a b l e  with time, i s  made by compressing three metal-metalcontact 
points  on the mount f o r  the 45' ad jus tab le  mirror .  The SRR o f f s e t s  and r e t r o r e f l e c t s  
the inc iden t  l a s e r  beam so  t h a t  the two beams a r e  p a r a l l e l  to  within a  small f rac -  
t ion  of a  f r i n g e  over the mode diameter. 



Two opposing SRR's form the three parallel standing wave beams for Ramsey 
fringes, as indicated in Figr lb. The input plane wave laser beam enters the first 
S m  at zone I in Fig. lb and is retroreflected by it to zone 3. The beam is then 
retroreflected by the opposing SRR from zone 3 to zone 2,where it enters the cen- 
tral retroreflector of the first SRR. The beam is then retroreflected back around 
the optical circuit to produce the three standing-wave beams. The reflecting sur- 
faces of the SRR's must be interferometrically aligned to obtain the required 
parallelism between input and reflected beams. 

The first step in the interferometric alignment procedure is to obtain 
parallel laser beams (three in this case) with the desired spacing. These are then 
used to align the components of the SRR's. The experimental set-up is indicated 
in Fig. 2. 

Figure 2 

Interferometric alignment system 

All components are mounted on a rigid tabletop. The components for obtaining 
the parallel beams are the input beam and small reference mirror rm, both fixed 
with respect to the table, and a modified Michelson interferometer (MMI) ,  which can 
be translated parallel to the input beam. The input beam passes through optical 
isolator i and beam-expanding telescope t ,  which produces a plane wave of the 
desired mode diameter (- 1 cm in this case). The MMI consists of flat beamsplitters 
S, , S2,and S (one for each desired beam, positioned to give the desired beam 
spacing), £la$ beam splitting end mirror S O ,  flat beam splitter S , mercury refe- 
rence mirror Hgm, and cat's eye or corner cube retroreflecting en2 mirror ce 

1 '  
Beam splitter S reflects a beam vertically down to mercury mirror Hgm, which forms 
a reflecting &face always in the horizontal plane. The Michelson components are 
mounted on a separate rigid platform that can be translated (without changing the 
mirror adjustment and rotated about the three orthogonal axes. 

The interferometer is of the Michelson type but modified by replacing the 
plane end mirror in one of the arms with the retroreflector. This destroys the 
symmetry of reflections from the two arms and thereby greatly increases the sen- 
sivity to relative changes of the angles between the input beam, the reflected beam, 
and the interferometer axis. This is seen from the following consideration. If the 
interferometer platform is rotated by angle 8 ,  the angle of reflection from one 
arm changes by 8 and that from the other by -8, resulting In localized fringes 
corresponding to the wedge 2 8 .  In contrast, for the normal Michelson with two flat 
end mirrors, the rotation would produce equal angles of reflection for the two 
arms, resulting in the relatively angle-insensitive circular fringe pattern. A 
fixed angular position of the Michelson platform is obtained bv adjustinn beam 
splitters S, , S 4 .  and S5 to give two uniform-intensity fringe svstems at 
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observation point  o  . These svstems a r e  formed bv in te r fe rence  of the beams 
r e f l e c t e d  from e e l  'and beam s p l i t t e r  S4 and from eel  and hor izon ta l  reference 
mirror  Hgm. The f i r s t  system s p e c i f i e s  the platform r o t a t i o n  about the  two ortho- 
gonal axes oerpendicular t o  the  input  l a s e r  beam, while the  second s ~ e c i f i e s  the 
r o t a t i o n  about the  t h i r d  orthogonal a x i s ,  t h a t  of the input  l a s e r  beam. After  these 
adiustments, the platform can be ro ta ted ,  giving l i n e  f r inges ,  and then returned 
to the  o r i g i n a l  angular pos i t ion  by r o t a t i n g  the  platform u n t i l  the two uniform- 
i n t e n s i t y  f r i n g e  systems a re  again obtained. Tf the f r i n g e  non-uniformity i s  
detected v i s u a l l y  t o  about 1/5 f r i n g e ,  then the angular s e n s i t i v i t v  of the platform 
r o t a t i o n ,  f o r  a  1  cm d i m  beam, i s  about 3 x rad. 

Much higher angular s e n s t f i v i t y  can be obtained using e l e c t r o n i c  detect ion.  
An MMI has now been developed which uses components corresponding t o  S , S and 
the r e t r o r e f l e c t o r  ce l  i n  Fig. 2  together  with a  quadrant diode d e t e c t o r . l ~ h i s  4  

svstem has an angular s e n s i t i v i t y  of a  few times 10-l2 rad f o r  100 s  in tegra t ion  
time, and has been used t o  servo t h e  angle of a  l a s e r  beam t o  be constant  t o  about 
t h i s  l e v e l  of precis ion.  

The three output  beams of the interferometer  a r e  made p a r a l l e l  by a l ign ing  
a l l  th ree  normal t o  f ixed  reference mirror  r m  as  follows. With the Michelson 
platform i n  pos i t ion  pl i n  Fig.  2, beam s p l i t t e r s  S , S 4 ,  and S a r e  adjusted t o  

5 give the two uniform f r inge  systems a t  o  . Then reierence mirror  r m  i s  placed i n  
pos i t ion  t o  r e f l e c t  output  beam 1 and rokated u n t i l  a  uniform f r i n g e  i s  obtained 
a t  o1 . Output beam 1 i s  now normal t o  the  reference mirror ,  and the reference 
mirror  a t  t h i s  angle i s  used f o r  alignment of output beams 2 and 3. 

To a l i g n  beam 2, the Michelson platform and mercury mirror  Hgm a r e  t rans la ted  
to  pos i t ion  p2 (without changing the  adjustement of S , S 4 ,  o r  S ) where beam 2 

5 i s  inc iden t  on the  reference mirror .  The platform i s  ro ta ted  t o  glve the two uniform 
f r inge  systems a t  t rans la ted  observation point  ol  . Since the sur face  of themercury 
reference mirror  Hgm always l i e s  i n  the hor izon ta l  plane,  t h i s  r o t a t i o n  ensures 
t h a t  the angle of beam 1 i s  the  same a s  f o r  platform pos i t ion  pl  ( i . e . ,  n o r m ~ l  t o  
the reference mirror) .  By now r o t a t i n g  beam s p l i t t e r  S to  give a  uniform f r inge  
a t  o2 , beam 2 i s  made normal t o  t h e  reference mirror 2and p a r a l l e l  t o  beam I .  By 
t r a n s l a t i n g  the platform t o  p , beam 3 i s  made p a r a l l e l  t o  beam 1 with the same 
procedure. I n  t h i s  way, the t a r e e  plane wave l a s e r  beams a r e  obtained with a l l  the 
wave f r o n t s  p a r a l l e l .  With the reference mirror  removed,these beams can now be 
used f o r  alignment of t h e  SRR. 

For in te r fe romet r ic  alignment of the  SRR. i t  i s  placed i n  the pos i t ion  ind i -  
cated i n  Fig. 2  t o  give superposi t ion of the r e f l e c t e d  and input  beams. By r o t a t i o n  
of the ad jus tab le  45' mirror i n  the SRR, the f r i n g e  systems a t  ol  and o3 can be 
made t o  have uniform i n t e n s i t i e s .  This condit ion insures  t h a t  an input  plane wave 
a t  1 i s  r e t r o r e f l e c t e d  a t  3 a s  a  plane wave p a r a l l e l  t o  the  input  beam. The c e n t r a l  
r e t r o r e f l e c t o r  a t  pos i t ion  2 insures  t h a t  the r e f l e c t e d  beam 2 i s  p a r a l l e l  to  input  
beam 2. 

The "pulley e f fec t . "  j u s t  as  f o r  the c a t ' s  eye system. preserves the re la -  
t i v e  phase re la t ionsh ips  between the  th ree  beams i f  there i s  r e l a t i v e  motion 
between the SRR's. With thermal d r i f t s  of the SRR's. however, the o p t i c a l  paths of 
beam 2 and of the  o f f s e t  beam change d i f f e r e n t l y  within the  SRR, and t h i s  produces 
chaqgesin the r e l a t i v e  phases. Thus i t  would be des i rab le  t o  reduce thermal d r i f t s  
by making the SRR mounting blocks from Invar; however, even with the aluminium 
blocks used here, r e l a t i v e  phase changes of < T L  over periods of several  hours 
have been achieved f o r  a  beam o f f s e t  of 21 cm by placing each r e f l e c t o r  i n  a  
nearly a i r t i g h t  i n s u l a t i n g  box. 

Ca : Results  

Let us  f i r s t  r e c a l l  the s implif ied expression f o r  the lineshape derived i n  
the low f i e l d  l i m i t  with a  4 th  order  perturbat ion approach .14 



The velocity distribution of atoms per unit volume is written : 

A v 
where A is a function describing the angular distribution of the unit vector n=;; 
For a cel1,A is a constant and for a beam in the x direction it is a very slow 
function of x . 

The complex representation of the laser field propagating in the z direction 
is written 

I 

* 
+ * +  + i? 

+ S- E G- (y) G; (x - L) e ) exp (iot T ikz) 3 3 3  (2) 

where $: is the polarizatiq unit veftor, G; is the Gaussian distribution of each 
laser beam with waist wo , E: and cPS are the respective amplitudes and phases 

J J 
of the six fields. The fringe signal expressed as the power absorbed in units of 
quanta ho is : 

(excitation efficiency) (effective flux) 

(effective velocity distribution)(relaxation) 

(phases) (oscillating term) 

+ 3 similar terms obtained by exchanging +-- and 6-+-6 

(3) 
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0: = 11 E! / 2 6  a r e  the Rabi pu lsa t ions  (see reference 19 f o r  more de ta i led  express- 
J 1 ions taklng the po la r iza t ion  i n t o  account) ; y = (I - v * / c ~ ) - ' / ~  accounts f o r  the t rans-  

verse Doppler e f f e c t  and 2 6  i s  t h e  r e c o i l  s p l i t t i n g ;  y i s  the decay constant  of 
the o p t i c a l  coherence and W i s  the p robabi l i ty  functionbafor complex argument. 

For beam experiments, i f  the re  i s  a decay of the  upper l eve l  population with 
a re laxa t ion  constant  yb , between the l a s t  zone and the detect ion region bounded 
by (RI , R ), the following extra-factor  should be added i n  the v i n t e g r a l  t o  obtain 
the s lgna? : 

exp [- yb k1 /v] - exp [- ITb g2 / v] 

The e f f e c t i v e  f l u x  of atoms Qeff i s  given by : 

This expression allows d i r e c t  comparison between c e l l  and beam experiments. 

The r e s u l t s  obtained with the  experimental apparatus described above w i l l  now 
be b r i e f l y  discussed. The separate  Ramsey f r inge  p a t t e r n s  of the r e c o i l  doublet ,  
s p l i t  by 23 kHz, have now been completely resolved 637 using beam separat ions up 
t o  2 L = 2 1  cm, as  i s  shown i n  the comparison of experimental and t h e o r e t i c a l  p r o f i l e s  
i n  Fig. 3. The curves i n  the f i g u r e  a l s o  show the  inf luence of second-order Doppler 

Frequency Offset, kHz 

Figure 3 

Comparison between experimental (. ... ) and theore t ica l  (----) 
o p t i c a l  Ramsey f r i n g e  p r o f i l e s  



broadening and s h i f t  on the Ramsey f r i n g e  prof i l es8  a s  reso lu t ion  i s  increased from 
2L=3.5 cm, where the r a t i o  of f r i n g e  width (FWHM) t o  second-order Doppler s h i f t  
(1.7 kHz f o r  v = u )  i s  about 3, t o  2L=21 cm, where the r a t i o  is  about 112. This in- 
fluence is  c l e a r l y  i l l u s t r a t e d  i n  the computer-generated contour p l o t  of Fig. 4 ,  

- 2  - 1  0 I 2 3 4 

2L (v - vo) /u 

Figure 4 

Contour p l o t  of Ramsey f r inge  i n t e n s i t y  versus normalized frequency 
( v - v o ) /  (u/2L) a s  a funct ion of reso lu t ion .  The reso lu t ion  parameter Z 
i s  the  r a t i o  (FWHM of second-order Doppler distribution./FlG-B~ of Ramsey 
f r inge  t h a t  would be obtained i n  the  absence of the  second-order Doppler 
s h i f t ) .  Contour i n t e r v a l ,  5  % . I n t e n s i t i e s  : - , pos i t ive ;  ---, nega- 
t i v e ;  -.-A , zero. 

which shows t h a t  with increasing resolving power the c e n t r a l  f r i n g e  disappears as  
the f i r s t  blue-side f r i n g e  bu i lds  up, then t h i s  f i r s t  f r inge  disappears a s  the  
second bui lds  up, e t c .  These e f f e c t s  a r e  caused by the  different-order  dependence2 
on atomic ve loc i ty  v of 1) the  second-order Doppler red s h i f t ,  proport ional  t o  v , 
and 2) the period of the  Ramsey f r i n g e  f o r  a  s ing le  ve loc i ty  proport ional  t o  v ,  as  
i s  seen i n  the  following. 

The frequency of the i n t e n s i t y  maximum of the Nth s i d e  f r i n g e  f o r  a  s ing le  
ve loc i ty  v i s  v  -vo = (Nv/2L) - v v2 /2c . With high reso lu t ion  (and/or high velo- 

0 c i t y ) ,  the  second term, the second-order Doppler s h i f t  t o  the red ,  becomes im-  
portant .  As v increases,  the  f r inges  on the red s ide  of l i n e  cen te r  (negative N) 
and the c e n t r a l  f r inge  (N=O) s h i f t  monotonically t o  the red, and in tegra t ion  over 
v makes these f r inges  broaden and i n t e g r a t e  toward zero in tens i ty .  However, the 
f r inges  on the blue s i d e  (pos i t ive  N) have the i n t e r e s t i n g  c h a r a c t e r i s t i c  of a  
l i n e a r  s h i f t  t o  the blue with v and a  quadrat ic  s h i f t  t o  t h e  red,  and the  s lope of 
the t o t a l  s h i f t  versus v curve changes s ign  f o r  a  turnaround ve loc i ty  v = ~ c ~ / 2 L v ~ .  

t With t h i s  turnaround, t h e  Nth f r inges  f o r  v e l o c i t i e s  near vt  a l l  occur a t  about 
the same frequency. I f  v  i s  near u ,  in tegra t ion  over v can r e s u l t  i n  a  s t rong 

t and sharp f r i n g e  with a  wldth much narrower than the second-order Doppler width. 
In  Fig. 3,  the  SIN i s  seen to be g r e a t l y  degraded f o r  2L=21.0 cm. With the 

o p t i c a l  Ra sey f r inge  technique, SIN should not be grea t ly  reduced a s  reso lu t ion  i s  
increased,lP2 and reso lu t ion  of the second-order Doppler broadening should reduce 
the f r inge  height  (Imax- I in) by only about 10X f o r  t h i s  value of 2L,  a s  seen i n  
Fig. 4. Thus the degraded S ~ N  i s  believed t o  be due t o  a  combination of s l i g h t  non- 
para l le l i sm of the  l a s e r  beams, res idua l  laser-frequency j i t t e r  ( the  rms j i t t e r  i s  
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approximately equal to the linewidth for this resolution), and, possibly, the re- 
cently measured angle jitter of our laser beam. The SIN degradation due to these 
effects could be reduced greatly as follows. The parallelism of the laser beams 
could be improved to the limit imposed by optics imperfections by use of a quadrant 
diode with the MMI alignment system to detect fringe uniformity. The frequency 
jitter could be reduced to a level of <I00 Hz (less than the 400 Hz natural line- 
width of th Ca line) by use of the recently developed sideband frequency servo 
techniques . ( j 3  Also, the angle jitter, which degrades the fringe intensity by intro- 
ducing changes in the relative phases between the interaction zones during the 
atomic flight time, could be reduced to an uninteresting level with the angle servo 
interferometer. ' ' 

An additional effect which we have observed is the power contraction of 
the recoil splitting predicted by ~ord6.l~ As power was increased, the splitting 
first contracted by about 2 kHz, and then with higher power expanded and then le- 
velled off. The low power cotltraction fits fairly wellTa,with the low power limit of 

dependence. The theory Bords's 6th order theory which predicts the observed 2 
for higher power is now being developed. 

These results show that in order to achieve the ultimate line-center preci- 
sion for this Ca line, it would be necessary to greatly reduce the Ramsey fringe 
power-dependent and resolution-dependent asymmetry and shift caused by the second- 
order Doppler shift. This can in principle be done, 'y8 by either using velocity 
selection techniques or by laser cooling of the Ca beam. Systematic errors due to 
the power contraction of the recoil splitting can be reduced sufficiently through 
use of techniques discussed elsewhere. 

It should be possible to increase the present low SIN of the fringe signal to 
about lo4 through us8 of photon-amplification techniques and optimization of 
atomic beam design, leading to a pointing precision of about Av/v= 10- 15~-f?? 
where t is integration time. This high p~intinf~precision should make it possible 
to correct systematic errors to better than 10- , giving a very high accuracy 
frequency standard in the visible spectrum. 

10 ~ u n  experiment 

In spite of many theoretical works optical Ramsey frin es using 3 field zones 
in an absorption cell have been very little explored 

In order to keep a reasonable solid angle for molecules intersecting all 
three beams large diameter optical beams and correspondingly large retroreflectors 
have to be used. Such large retroreflectors have been made by optically contacting 
three 1/10 (in the visi le) zerodur mirrors to form our 22 cm-aperture corner 
cubes with a (5-10) x lo-' radians angular accuracy. After deposition of gold 
coatings,the junctions between faces were not visible. 

The optical set-up is similar to the calcium experiment. The 10 cm-diameter 
folded standing wave with a beam spacing of 2L=54 cm is represented in Fig. 5. 
The two retroreflector structures (2, 3, 4, 5) and (5, 6, 7) are inside the large 
absorption cell and separated by 18 meters. The optics are mounted on massive 
aluminium blocks which are rigidly clamped to four Invar rods of 4 cm diameter to 
define the beam spacing L and to reduce thermal phase drifts between the three 
excitation zones. Phase modulation of the fringes can be achieved with PZT ceramics 
located under the 3 mounting points of corner cube no 2. Helmholtz coils and a so- 
lenoid reduce the earth magnetic field inside the cell to less than 10% of its 
value. The three beams are made parallel within a small fraction of a fringe at 
10 w with a multiple beam interferometer similar to the one described above for 
the Calcium experiment. However this interferometer has a corner cube instead of 
the cat's eye Cel of Fig. 2 and has optics large enough for a 70 mm aperture. 

For the final parallelism adjustment, mirrors 3 and 7 in Fig. 5 are rotated 
by means of three stainless steel metal-metal deformation contacts. 



Fig.5 : Ramsey f r inge op t i ca l  se t -  up  

optics d iameter  : 1 1  c m  
beam spac ing  : 2 L = 5 4  c m  
cell  l e n g t h  18 m 

As shown i n  Fig. 6 ,  the output beam of a very s t a b l e  frequency cont ro l led  CO 
l a s e r  i s  expanded by a f a c t o r  of " 7 t o  a 2w - 9 cm with two confocal coinci-  2 

dent-axis parabolas. The beam is s p a t i a l l y  f i l t e r e d  by a pinhole of 800 p d i a m e t e r  
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Fig.6 : lnput  o p t i c s  fo r  Ramsey f r i n g e  se t -up  
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loca ted  a t  t h e  t e l e scope  focus  t o  produce an approximately Gaussian beam (wi th in  
a  few pe rcen t ) .  Then by measuring t h e  s p o t  s i z e  of t h e  beam a t  va r ious  d i s t a n c e s  
(up t o  54 me te r s ) ,  we have been a b l e  t o  determine t h e  w a i s t  and cu rva tu re  va lues  
shown i n  F ig .  6. F i n a l l y  wi th  t h e  10 cm diameter  beam and t h e  1 km confocal  para- 
meter t h e  wavefronts i n  t h e  3  zones a r e  f l a t  and p a r a l l e l  t o  about 1/10 of a  
f r i n g e  a t  10 1~m. 

As a  f i r s t  t e s t  of t h e  o p t i c a l  q u a l i t y  of t h i s  set-up, we have used t h e  mo- 
d i f i e d  Vi l l e t aneuse  spectrometer ,  t o  i n v e s t i g a t e  the  s i n g l e  zone s a t u r a t e d  ~ ( 2 8 ) ~ ~  
l i n e  or8the v band of 3 2 S ~ 6 .  Since t h e  hyper f ine  s t r u c t u r e  of t h i s  l i n e  i s  we l l  

2  

known , 3 p r e c i s e  l ineshape  s t u d i e s  can be made. . - 
A generaldiagram of t h i s  spectrometer  can be found i n  these  proceedings. I I 

B r i e f l y ,  t h e  CO? l a s e r  used f o r  probing t h e  l a r g e  absorp t ion  c e l l  i s  f r e -  
quency-offset-locked rom a  second re fe rence  l a s e r .  This l a s e r  i s  i n  t u r n  locked 
t o  a  s a t u r a t i o n  l i n e  of a  heavy molecule l i k e  Os04 obtained with  a  s e p a r a t e  
absorp t ion  c e l l  us ing a  l i n e  c e n t e r  lSt  (or  3rd ) d e r i v a t i v e  lock. Frequency 
tuning i s  accomplished through v a r i a t i o n  of t h e  syn thes ize r  frequency used i n  the  
frequency-offset-lock. 

The s t a b i l i t y  of t h e  l a s e r s  i s  i l l u s t r a t e d  i n  Fig .  7,  which shows a  spec- 
t r a l  p u r i t y  of - 150 Hz f o r  the  b e a t  frequency of t h e  two l a s e r s  locked indepen- 
d e n t l y  t o  s e p a r a t e  s a t u r a t e d  absorp t ion  l i n e s .  

F I ~ ,  7 : Beat frequency 

spectrum of two C02 

lasers locked to ~ ( 2 8 ) ~ ; ~  

line of SF6 and to a 

strong line of Os04 . 
The frequency scale is 

200 Hz/div. The vertical 

scale is linear and the 

resolution of the spectrum 

analyzer is 30 Hz. 

This l a s e r  l inewidth  i s  of t h e  o rde r  of t h e  Ramsey f r i n g e  width (180 Hz FWHM) 
expected f o r  our 54 cm beam s e p a r a t i o n  f o r  SF .Wi th  t h e  l a s e r s  unlocked, the  f r e e  
running s p e c t r a l  p u r i t y  i s  of t h e  o rde r  of 1  @HZ wi th  d r i f t s  of a  few kHz over 
s e v e r a l  minutes.  Also t h e  same o r d e r  of s t a b i l i t y  has been achieved wi th  a  wave- 
guide C02 l a s e r  tunab le  over 500 MHz. This should provide a  g r e a t  d e a l  of new hy- 
p e r f i n e  r e s u l t s  f o r  many molecules l i k e  SF6,  Os04,  SiH4,  S i F 4 ,  PF5,  NH3 ... 

This l a s e r  s t a b i l i t y  w i l l  be improved i n  t h e  nea r  f u t u r e  through a c o u s t i c  
i s o l a t i o n  and b e t t e r  servo systems. 

Fig. 8 shows t h e  1 s t  d e r i v a t i v e  hyper f ine  spectrum of t h e  ~ ( 2 8 ) ~ ;  c l u s t e r  of 
3 2 ~ ~  a t  28.464 691 306 THz. The experimental l i newid th  i s  1.2 kHz (HWHM). Also 

6  
shown i s  t h e  t h e o r e t i c a l  spectrum c a l c u l a t e d  by 3. Bord6 f o r  t h e  two over lapping 
1 = 3  (7 components) and I =  1 ( 3  components) m u l t i p l e t s .  The c e n t r a l  t h r e e  compo- 
nen t s  a r e  doub le t s  wi th  s p l i t t i n g s  of about 1.6 ; 1.1 ; 1.5 kHz. The l inewid th  i s  
c l o s e  t o  t h e  va lue  expected f o r  our  l a s e r  beam diameter  a s  can be  seen from t h e  
main c o n t r i b u t i o n s  t o  t h e  observed width (HWM) : geometr ical  e f f e c t s :  650 H z ;  
c o l l i s i o n s  :200 Hz;  power broadening : 100 Hz;  modulation broadening: 100 Hz ; 
s p e c t r a l  p u r i t y  of t h e  l a s e r  : l o 0  Hz;  r e s i d u a l  Zeeman e f f e c t  from t h e  e a r t h  
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Figure  8  

P r o f i l e s  of t h e  ~ ( 2 8 ) ~ ;  !ine of t h e  v3 band of 32 '3~ . 
- Upper : experimental f r r a t  d e r i v a t i v e  spectrum (sG6 p r e s s u r e  : Tor r ;  

l a s e r  power: 4  p Watt; time cons tan t  : I sweep time : 5 min.) 
F ~ e q u e n c i e s  a r e  i n  k i l o h e r t z  from t h e  lBiOn04 l i n e  a t  28 464 676 938.5 kHz 

- Lower: c a l c u l a t e d  p r o f i l e  ( l inewid th  (HWHM) = 1.25 kHz). 

magnetic f i e l d  a f t e r  compensation 20 Hz; o t h e r  e f f e c t s  such a s  n a t u r a l  l i newid th ,  
r e c o i l  s p l i t t i n g ,  and 2nd o r d e r  Doppler e f f e c t  a r e  a l s o  n e g l i g i b l e .  

I n  conclusion,  we have p r e s e n t l y  reached t h e  t h e o r e t i c a l  t r ans i t - t ime  l i m i t e d  
l inewidth  f o r  s i n g l e  zone s a t u r a t e d  absorp t ion  showing t h a t  t h e  wavefronts are of 
good q u a l i t y  over t h e  11  crn o p t i c s  diameter.  We have demonstrated t h a t  open corner  
cubes can be used t o  produce good q u a l i t y  l a r g e  i n f r a r e d  r e f l e c t e d  beams and t h i s  
is  an  important  advance f o r  h igh accuracy i n f r a r e d  s a t u r a t i o n  spectroscopy. 

The nex t  s t e p  w i l l  be t o  improve bo th  t h e  long-term s t a b i l i t y  of t h e  l a s e r s  
and t h e  s ignal- to-noise  r a t i o  i n  o r d e r  t o  d e t e c t  t h e  f r i n g e s .  
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