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Abst ract  

The recent  r e s u l t s  on saturated absorpt ion o p t i c a l  i n te r fe rence  spectros- 
copy of calcium are presented. The photon r e c o i l  s p l i t t i n g  o f  t h e  Ca ' S o  - 
3P1 in tercombinat ion l i n e  at. 657 nm has been f u l l y  resolved. Linewidths as 
narrow as 3 kHz h a l f  w id th  h a l f  maximum i n t e n s i t y  (HWHM) are repor ted f o r  
r a d i a t i o n  beams s p a t i a l l y  separated by up t o  3.5 cm. Second order Doppler 
i s  shcwn t o  be the present l i m i t a t i o n  t o  the  accuracy o f  t h i s  technique. 
Methods are discussed which could lead to-an o p t i c a l  wavelength/ frequency 
standard w i t h  an accuracy o f  b e t t e r  than 10 14. 

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

Saturated absorpt ion w i t h  s p a t i a l l y  separated o p t i c a l  f i e l d s  [I-51 permits 
extremely h igh  r e s o l u t i o n  w i t h  good s ignal - to-noise r a t i o  and can be accom- 
p l i s h e d  w i t h  simple, e a s i l y  achievable, o p t i c a l  systems. Use o f  t h i s  
o p t i c a l  Ramsey in te r fe rence  method w i t h  h i g h l y  s t a b i l i z e d  dye lasers and 
long l i v e d  t r a n s i t i o n s  [6-81, such as the l S 0  - 3P1, in tercombinat ion 
resonance l i n e s  o f  Ca and Mg can now lead t o  r e s o l u t i o n  o f  t he  photon 
r e c o i l  doublet. Th i s  p a r t i a l l y  removes t h e  accuracy l i m i t a t i o n  prev ious ly  
imposed by unresolved r e c o i l  components i n  the v i s i b l e  spectrum. We sum- 
marize our i nves t i ga t i ons  o f  the Ca 'So - 3P1 l i n e  a t  657 rlm us ing the 
above methods w i t h  which we have obtained l i new id ths  as narrow as 3 kHz 
HWHM and completely resolved the  r e c o i l  doublet which i s  s p l i t  by 23.051 
kHz. 
frequency standard f o r  t h i s  l i n e  w i t h  an accuracy o f  b e t t e r  than 10 14. 
Frac t i ona l  frequency s t a b i l i t y  f o r  -such a calcium s t a b i l i z e d  dye lase r  
osc i  11 a t o r  i s  ca l cu la ted  t o  exceed 1.0 16. 

The Ca t r a n s i t i o n  16-73 i s  very  s u i t a b l e  f o r  measurements o f  the 
h ighest  l e v e l  o f  accuracy, such as those i n  metrology. i n  spectroscopy and 
i n  var ious r e l a t i v i t y  experiments. It has a long l i f e t i m e  o f  0.39 ms 
(na tu ra l  l i n e w i d t h  o f  410 Hz), small electromagnetic f i e l d  s h i f t s  o f  about 
lo8 Hz/T2 (1 Hz/G2) and 1 Hz/(V/cm)2 f o r  t he  Am. = 0 t r a n s i t i o n .  I t s  tran- 

s i t i o n  p r o b a b i l i t y  a l lows an optimum l a s e r  power o f  l ess  than 1 mW. 40Ca 
possesses a nondegenerate ground s t a t e  and has zero nuclear sp in  g i v i n g  no 
hyper f ine s t ructure.  A complete r e s o l u t i o n  o f  t he  r e c o i l  peaks and f u l l  
knowledge o f  t he  d i s t r i b u t e d  v e l o c i t y  c o n t r i b u t i o n  t o  the  Ramsey f r inges of 
each r e c o i l  component should permi t  p rec i se  d e f i n i t i o n  o f  l i n e  center. 

Also we discuss techniques which could lead t o  an o p t i c a l  wavele_ngth/ 
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Basic Concepts 

The theory o f  photon r e c o i l  e f f e c t s  i n  sa tu ra t i on  spectroscopy has been 
discussed by Kol'chenko, e t  a l .  [9] and more thoroughly by BordC [2,10]. 
Conservation o f  4-momentum (momentum and energy) requi res t h a t .  i n  the 
absorption process, t he  atom absorbs the energy and momentum o f  t he  photon, 
thereby changing n o t  on l y  the  atom's i n t e r n a l  energy, b u t  a l so  i t s  motional 
energy. S i m i l a r l y ,  i n  the emission process the atom must change i t s  kine- 
t i c  and i n t e r n a l  energy t o  prov ide f o r  t he  emi t ted photon's energy and 
momentum. I f  the re  are no o the r  energy sources ava i l ab le ,  then the k i n e t i c  
energy of r e c o i l  must be provided by the absorbed o r  emi t ted photon. 
requires t h a t  the frequency o f  t he  absorbed photon be b lue s h i f t e d  r e l a t i v e  
t o  the Doppler s h i f t e d  na tu ra l  resonance frequency o f  the atom and, corres- 
pondingly, t h a t  the emi t ted photon be red  sh i f t ed .  I n  l i n e a r  spectroscopy 
oply the absorption or  emission process i s  observed, w i t h  the  r e s u l t  t h a t  
the frequency s h i f t  i s  n o t  d i r e c t l y  d iscernable ( i n  f a c t  i t  could be very 
easi ly included i n  the  d e f i n i t i o n  o f  t he  two l e v e l  atom s t a t e  energy d i f -  
ference). Saturat ion spectroscopy inc ludes both emission and absorpt ion 
aspects, thus, w i t h  s u f f i c i e n t  reso lu t i on ,  the counterrunning probe wave 
w i l l  disclose the e f f e c t  o f  t he  r e c o i l  frequency s h i f t  as a doublet Lamb 
dip structure, i .e . ,  t he re  w i l l  be two frequencies o f  anomalously h igh  
transmission f o r  the probe wave. One occurs a t  t he  frequency where the 
atom's ground s t a t e  densi ty  i s  reduced by the  power wave i n t e r a c t i n g  w i t h  
the same s e t  o f  absorbers. The second transmission peak comes a t  t he  
frequency where both the  power and probe waves i n t e r a c t  w i t h  the  same 
excited s ta te  v e l o c i t y  c lass absorbers. The two peaks a re  symmetrical ly 
displaced from the l o c a t i o n  o f  t he  ord inary Bohr frequency w i t h  the t o t a l  
frequency s p l i t t i n g  being 6v = h42/4n2m, *here h i s  P lanck 's  constant, k i s  
the wave vector amplitude, and m :'r the atomic mass. For 40Ca, t h j s  r e c o i l  
s p l i t t i n g  amounts t o  23.051 kHz f a r  t he  'So - 3P, in tercombinat inn l i n e  a t  
6573 R. 

U n t i l  now the on ly  instance o f  photon r e c o i l  r e s o l u t i o n  i n  t h i s  o p t i -  
c a l  region has been t h a t  o f  H a l l ,  e t  a l .  [ll], w i t h  the methane sa tu ra t i on  
absorption peaks a t  the longer 3.39 pm wavelength. The r e s o l u t i o n  repre- 
sented i n  the methane experiment o f  * 2 x 10 l 1  came w i t h  continuous exc i -  
t a t i o n  (one zone) throughout the  i n t e r a c t i o n  reg ion w i t h  many hours o f  
in tegrat ion t i m e  and h igh q u a l i t y ,  l a rge  aper ture opt ics .  I n  fac t ,  i n  most 
spectroscopy experiments, t he  r a d i a t i o n  f i e l d  extends more or l ess  un i -  
formly throughout the volume i n  which move the  absorbers t o  be studied. 
Ramsey [12] was the f i r s t  t o  p o i n t  ou t  t h a t  t h i s  may n o t  be the most advan- 
tageous method i n  which t o  apply the  o s c i l l a t i n g  d r i v i n g  f i e l d .  He ob- 
served t h a t  usefu l  spectroscopic in format ion cou ld  be obtained if the 
amplitude and phase o f  the r a d i a t i o n  f i e l d  were non-uniform throughout the  
region. O f  p a r t i c u l a r  value i s  the arrangement t h a t  a l lows independent 
phase evolut ion o f  atoms and r a d i a t i o n  f i e l d  between i n t e r a c t i o n s  o f  atom 
and f i e l d .  A simple scheme t o  produce t h i s  f i e l d  on, f i e l d  o f f ,  f i e l d  on 
ef fect  i s  t o  i n t e r c e p t  a beam o f  atoms w i t h  s p a t i a l l y  separated r a d i a t i o n  
f ields. This gives an absorpt ion p r o f i l e  dependent on the absorber's 
natural t r a n s i t i o n  frequency w i t h  spec t ra l  w id th  determined by the t ime 
between the r a d i a t i o n  regions. r a t h e r  than the  t r a n s i t  t ime through each 
region. To help v i s u a l i z e  t h i s .  we note t h a t  the i n t e r a c t i o n  o f  absorber 
and f i e l d  i n  the f i r s t  r a d f a t i o n  beam produces a coherent superposi t ion o f  
upper and lower states. This r e s u l t s  i n  a d ipo le  which o s c i l l a t e s  a t  the 
natural resonance frequency i n  the f i e l d  f r e e  reg ion between the  r a d i a t i o n  
zones. The e f f e c t  o f  the second l i g h t  f i e l d  depends on the  phase o f  t he  
rad iat ion r e l a t i v e  t o  the absorber's o s c i l l a t i o n s ,  so tha t .  the absorbers 
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passing through this field will either be further excited or returned to 
the ground state by stimulated emission. Thus, an interference results 
which produces line narrowing since the quantum absorption transition 
probability is dependent not only on the frequency of the driving field, 
but also on the phase evolution difference of quantum system and field 
between zones. The phase evolution difference is proportional to the 
interzone transit time. 

For detailed discussions of saturated absorption optical Ramsey inter- 
ference with separated oscillatory fields the reader is referred to theo- 
retical discussions of Baklanov, et al. [l] and Bord6 [ Z ]  and to the treat- 
ments of Bergquist, et a1 [3-51. But for completeness in this paper let us 
remind the reader of the important features. For three equally spaced, 
parallel, standing wave radiation fields, transversely crossed by a mono- 
velocity atomic beam, the line profile is a complex combination o f  linear 
and nonlinear terms. First there is a broad Doppler pedestal given by the 
first order linear absorption term. Superimposed on this is a Lorentzian 
Lamb dip associated with the third order nonlinear terms which carry only 
single zone resolut,on in either the preparation or probing process or 
both. Note, then, that the low resolution, nonlinear field-atom inter- 
actions can occur in any one of the three zones, or any two, or even all 
three to produce our "single zone" Lamb dip (the low resolution term from 
interactions in all three zones is a factor of two narrower than the other 
terms). Finally, superimposed on this is the sharp Ramsey fringe pattern 
produced by the previously described interference experienced by those 
atoms which nonlinearly interact with all three zones. The sharp inter- 
ference fringe results only if the nonlinear, atom-field interactions have 
high resolution in both the preparation and probing process. BordQ [2] has 
shown that the fringe pattern or oscillatory part of the signal for equal 
relaxation constants yij = y . .  = y is an exponentially damped cosine pro- 
portional to 1 1  

where a is the laser mode radius, L the common zone separation, v2 = (vr2 + 

v 2 ) ,  v = v 2 + v 2 ,  and w1, = wo(l -v2/2c2 f fik/Zmc) to a good approxima- 
tion. In the expression for LU;, we have included not only the shift in the 
natural resonance frequency due to the recoil terms, f fik/2mc, but also due 
to the second order Doppler term, -v2/2c2. In the limit that the second 
order Doppler frequency shift is much smaller than the detuning frequency, 
&.I = LU - w0, at which h(vXL/vr2) = n, we can ignore this shift, and velo- 
city averaging for a Maxwell-Boltzmann beam velocity distribution will then 
produce a strongly damped cosine pattern consisting of a primary peak at 
line center plus one or two smaller side peaks, similar to those described 
by Ramsey for linear RF excitation with separated oscillatory fields. We 
will return to a fuller discussion of this point later. If the radiation 
standing waves are composed of equal intensity counter propagating waves, 
variation of the relative cavity phases across the three zones produces a 
variation of fringe intensity (from positive through zero to negative) but 
no asymmetry, and hence, no shift in the fringe center, a particularly 
appealing characteristic for accurate measurements. If the cavity phase 
condition is nonstationary then the fringes will wash away with averaging 
time. The opposition of two cat's-eye retroreflectors to produce three or 
more radiation zones intrinsically holds the cavity phase condition cons- 
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tant [3,4]. This is due to the cat's-eye's high insensitivity to thermal 
and mechanical fluctuations and to small angle variations of the input 
laser beam. Finally, if properly focused, the cat's-eyes give fringes of 
maximum positive amplitude for all velocity classes. 
other arrangement which automatically (i.e., without servoiny) holds cons- 
tant the initial phase condition. 

There are important advantages o f  the separated osci I latory field 
method as compared to the cw, single zone interrogation method. Higher 
resolution can he obtained without loss o f  signal-to-noise ratio, whereas 
ir, the cw case, higher resolution i s  inversely oroportional to S/N rat i o  
(best case) because increasingly fewer atoms contribute to the increasingly 
narrower resonance. Note the immediate consequence to frequency standards 
applications, since oT a l/(Q-S/N). Of course, this also directly impacts 
sDectroscopy with the possibility o f  real time data acquisition as opposed 
to many hours of averaging. Secondly, the wavefront flatness is required 
only over the mode diameter 2a, rather than three zone interaction length 
of  2L. And finally, power broadening an0 shift are minimized. 

Experimental Apparatus 

The very high resolution possible in this experiment consequently demands a 
dye laser spectrometer o f  unprecedented frequency characteristics. Figure 
1 shows a block diagram representation which higblights some o f  the impor- 
tant features of our Ca dye laser spectrometer as well ds the Ca beam and 
interrogation method. Much o f  our fast-stabilized dye laser system has 
been previously described [13]. The dye laser i s  stabilized to the mid- 
point o f  a transmission fringe in an external optical Fabry-Perot cavity o f  
extremely high finesse. The cavity length is controlled to provide long 
term stability and frequency tuning capability. Two important improvements 
have been made in the system [6]. Firstly, the short term linewidth o f  our 
laser ha5 been reduced to approximately 800 Hz rms with an improved nigh 
frequency servo amplifier with gain to 5 MHz [14]. Secondly, we have 
reduced the long term drift to less than 2 kHz/hr by controlling the servo 
cavity length by means of a first derivative line center lock to the few 
MHz wide saturated absorption line in an external calcium cell. In the 
present setup the line center lock was obtained by directly frequency 
modulating the laser at 300 kHz. This modulation frequency i s  chosen SO 
that the FM sidebands are within the cell saturated absorption linewidth, 
to give the first derivative signal, but largely outside the narrower beam 
saturated absorption line [15]. The modulation index is chosen to essen- 
tially only produce the first order sidebands at 300 kHz, leaving the 
majority of the power in the carrier. A dc scan voltage introduced at the 
iptegrator sweeps the laser frequency over the atomic beam line. The dc 
scan i s  calibrated using 3.39 pm He-Ne lasers by measuring the beat fre- 
quency between a local oscillator locked to the servo cavity, and a methane 
stabilized laser. Poor finesse of the cavity mirrors at the 3.39 microns 
Presently limits the calibration accuracy to about 10 percent. 

Adding sidebands to the laser adds complexity to the correct line 
analysis. First, three equally spaced laser frequencies (our carrier plus 
the two sidebands) produce five equally separated saturated absorption 
lines on the beam Doppler profile (provided the beam Doppler i s  S u f f i -  
ciently large). These five features may or may not overlap depending on 
the  ratio of the inverse single zone transit time to the modulation fre- 
quency. In our case this ratio is approximately one, which results in only 
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s l i g h t l y  overlapping l i nes .  This presents a d i f f i c u l t y  i n  c o r r e c t l y  sub- 
t r a c t i n g  ou t  t he  basel ine. The second aspect i s  t h a t  t he re  are three 
separate apd d i s t i n c t  con t r i bu t i ons  t o  the cen t ra l  " resonany saturated 
absorpt ion l i n e .  There i s  the usual c o n t r i b u t i o n  from the  vz -, 0 absorbers 

which are exc i ted  by the c a r r i e r  a d subsequently probed by the  c a r r i e r .  
But there are two other  c lass o f  v z $  0 absorbers which a l so  con t r i bu te  t o  

the  c e n t r a l  feature.  One o f  these classes sees the  b lue  s h i f t e d  sideband 
as the  pump and the  red  s h i f t e d  one as the probe. I n  a symmetrical way, 
t he  opposi te ly  signed vz c lass sees the red s h i f t e d  sideband as the pump 

and the b lue s h i f t e d  as the probe. I n t e r e s t i n g l y ,  these a l l  con t r i bu te  i n  
a coherent way t o  the sharp Ramsey f r i n g e  s t r u c t u r e  f o r  each r e c o i l  peak. 
Thus, t he re  are now two p o s s i b i l i t i e s  t o  use the  f u l l  beam Doppler t o  
f u r t h e r  enhance the s ignal - to-noise r a t i o  wh i l e  mainta in ing f u l l  r eso lu t i on  
i n  the saturated absorpt ion Ramsey f r i n g e  method. The f i r s t  i s  t o  make the 
r a d i a t i o n  zones narrow so t h a t  the acceptance angle -, A/3a matches the beam 
Doppler (wavefront curvature and the  corresponding confocal parameter are 
the l i m i t a t i o n s  here); the second i s  t o  simply add sidebands t o  the l ase r  
t o  f u l l y  cover the beam Doppler [16]. 

We a l so  show the p o s s i b i l i t y  i n  Fig. 1 t o  e i t h e r  phase modulate 4 t h  
e l e c t r o - o p t i c  c r y s t a l  o r  t o  frequency modulate w i t h  an acousto-optic crys- 
t a l ,  both o f  which are e x t e r i o r  t o  the laser. This a l lows the a d d i t i o n  of 
sidebands t o  l i n e  center lock, b u t  we now are able t o  choose whether or not 
t o  modulate tha t  part. o f  the l a s e r  l i g h t  sent t o  Lhe aLomic beam. ke have 
made p re l im ina ry  i nves t i ga t i ons  w i t h  both c r y s t a l s .  Perhaps the most 
elegant method 141 i s  t o  b u i l d  a second low power r e f e r e w e  l a s e r  which 
could be locked t o  one o f  the magnet ica l ly  sh i f t ed .  Am. = 1. I S o  - 3P1 
l i n e s  i n  the Ca absorpt ion c e l l .  The more powerful prob4 dye lase r  could 
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be phase or frequency offset locked from the stable reference laser with a 
tunable RF oscillator which would provide a precise frequency scale. Mpre 
generally, the reference laser could be stabilized to any of a number of 
possible atomic lines which are nearby the. line(s) to be studied. For 
example, iodine nearly fills the entire visible spectrum with sharp tran- 
sitions to which a laser could be locked. This would permit an extremely 
precise, stable, tunable dye laser spectrometer of general versatility. 

In the circled inset in Fig. 1, we show a three dimensional represen- 
tation of  the atomic beam and interaction region. A Ca atomic beam from a 
resistively heated oven sequentially interacts with three equally spaced 
and parallel standing wave light beams from our stabilized dye laser. The 
atomic beam is collimated to give a Doppler beam width of approximately 1.7 
MHz HWHM and has a density of about 108/cm3 at the laser excitation region. 
Typically, the laser power in the interaction region is on the order of 1 
mW focused to a beam spot radius of approximately 0.15 cm. Jo form the 
three standing wave radiation fields, we use the duo cat’s-eye reflector 
which was described above. The common spatial separation af the light 
fields is variable from 0 to 3.5 cm. A transverse magnetic field of a 
few times 10 Tesla (a few Gauss) is superimposed on the interaction re- 
gion which splits off the m = fl components. Furthermore, with light 
linearly polarized in the direction of the applied magnetic field, we 
excite only the m = 0 to m = 0 transition, which has no first order 
Zeeman effect. For signal detection we use a 5 cm diameter cathode 
photomultiplier located 20 cm downstream from the excitation region and 
1 cm from the beam. With this arrangement we estimate that we collect 
about one percent of the total fluorescence photons. The signal is re- 
corded on a multichannel analyzer with typical signal averaging times of 
a few minutes. 

Results 

The photon recoil doublet structure produces two partially overlapping 
fringe patterns as is shown in Fig. 2. The outer curve is the atomic beam 
fluorescence profile, with HWHM of 1.7 MHz, showing the sirlgle zone satura- 
tion dip with HWHM of 175 kHz. The two solid inner curves are the bottom 
of the single zone dip greatly expanded to show the observed Ramsey pat- 
terns for 2L = 3.5 and 7 cm, with the positions of the recoil components 
indicated by the vertical dashed lines. These curves were obtained by 
recording first derivative signals, with a narrowbanded S/N o f  about 10, 
and then integrating them with the multichannel analyzer to improve the 
apparent S/N. The separate fringe patterns for the two recoil peaks are 
shown as dashed curves above each experimental curve. 
is a few percent of the total signal. The intensity ratio of the recoil 
peaks is approximately one, but the scatter in this ratio for our aata is 
so large at present that no meaningful comparison can be made with the 
expected ratio o f  0.998:l.O (9). 

Our measured value for the recoil splitting for a power density of 
about 10 mW/cm2 is 6v = 23.6 f 2 kHz, where the error of about 10 percent 
is mostly due to the poor absolute calibration of the dc frequency scan 
mentioned above. By holding this scan constant and obtaining relative 
measurements of the splitting versus power, we have obtained a possible 
Indication of the contraction of the recoil splitting with power predicted 
by Bord6 12.101. This i s  a light intensity shift of each recoi1 component 
toward 1 ine center caused by higher order coherent processes contributing 
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Fiqure 2 Observed fluorescence pro- 
f i l e s .  Outer curve: Atomic beam 

zone sa tu ra t i on  d i p .  Inner  curve: 
Expansions o f  bottom o f  s i n g l e  zone 
d i p  ( s o l i d  curves) showing Ramsey 
f r i n g e s  f o r  2L = 3.5 and 7 cn. 
Fr inge pa t te rns  f o r  each photon re -  
c o i l  component shown w i t h  dashed 
curves. Note f r i n g e  s ign  i nve rs ion  
between the two r e s o l u t i o n  cases. 
See t e x t  f o r  discussion. 

3 4 M ~ r  Doppler p r o f i l e  showing "s ing le "  

FREQUENCY - 

e x t r a  i n t e n s i t y  t o  t h e  i nne r  s ide  o f  each l i n e .  EordC ca lcu la tes  the  s h i f t  
t o  be, i n  f i r s t  approximation, A = ( ~ E / Z h ) ~ / ( f - h ) ( H z )  f o r  the case o f  
continuous e x c i t a t i o n  and w e l l  resolved r e c o i l  peaks. I n  t h i s  expression p 
i s  t he  e l e c t r i c  d ipo le  moment ( f o r  Ca, p = 4.8 x 10 *(' esu-cm) and E i s  the 
e l e c t r i c  f i e l d  amplitude. For three-zone Ramsey e x c i t a t i o n ,  t h i s  contrac- 
t i o n  should be reduced by a f a c t o r  approximately equal t o  2a/L, since the 
atom experiences the e l e c t r i c  f i e l d  f o r  on l y  the  same f r a c t i o n ,  2a/L, o f  
i t s  t ime i n  the  i n t e r a c t i o n  region. With the e l e c t r i c  f i e l d  averaged over 
the Gaussian mode and d i l u t e d  by 2a/L, the p red ic ted  con t rac t i on  f o r  2L = 7 
cm i s  A = -0.14 kHz/(mW/cm2). Experimental ly, the r e c o i l  s p l i t t i n g  versus 
power for 2L = 7 cm and power dens i t i es  up t o  17 mW/cm2 shows a con t rac t i on  
o f  A = -0.2 (kO.2) kHz/(mW/cm*). Although the  experimental e r r o r  a t  Pre- 
sent i s  large,  t h i s  r e s u l t  suggests agreement w i t h  Bordb's theory f o r  
continuous e x c i t a t i o n  attenuated i n  t h i s  way. 

The power induced s h i f t s  f o r  the two r e c o i l  peaks are equal, t o  f i r s t  
order, b u t  opposite i n  sign, and thus the  center  o f  t h e  l i p e  remains un- 
sh i f t ed .  I t  should De poss ib le  t o  l i n e  center  l o c k  t o  bo th  peaks simul- 
taneously, us ing modulation sidebands f o r  instance, t o  g i ve  an average 
frequency f o r  t he  c e n t r o i d  which i s  power independent t o  f i r s t  order. 
Also, one might  use i d e n t i c a l  c i r c u l a r  p o l a r i z a t i o n s  t o  ob ta in  the m.=O 

++ m .  = t 1 crossover resopance which has only  orle r e c o i l  peak, and hence 
no l j gh t - i nduced  s h i f t  [?I. Thus. we do n o t  be l i eve  t h i s  s h i f t  w i l l  be a 
serious problem f o r  accurate frequency measurements. 

The predominant l i m i t  t o  the accuracy o f  a frequency measurement f o r  
t h i s  l i n e  i s  the second order Doppler s h i f t ,  1 . 7  kHz f o r  the most probable 
v e l o c i t y .  The second order Doppler s h i f t  has been an important l i m i t a t i o n  
t o  a l l  present frequency standards and requi res carefu l  v e l o c i t y  measure- 
ments t o  reduce t h i s  systematic o f f s e t .  S i m i l a r l y  f o r  calcium, a very 
c a r e f u l  determinat ion o f  each v e l o c i t y  c lass contr ibut ion_ t o  the s igna l  
would be necessary t o  reduce t h i s  systematic o f f s e t  below 10 14. 

J 
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I t  i s  an i n t e r e s t i n g  feature, p e c u l i a r  t o  the Ramsey in te r fe rence  
method. t h a t  the l i n e  center  p o s i t i o n  becomes h i g h l y  s e n s i t i v e  t o  reso lv ing  
power when the magnitude of  the reso lu t i on .  Av/v, approaches t h a t  of t he  
second order Ooppler s h i f t ,  -% v2/c2 C171. This can be e a s i l y  understood 
when one remembers t h a t  the resonant frequency o f  each r e c o i l  peak fo r  a 
pa r t i cu la r  v e l o c i t y  class, v, i s  s h i f t e d  by the second order Doppler term, 
-4 v2/c2, b u t  t h a t  t he  i n t e r f r i n g e  spacing i s  p ropor t i ona l  t o  v/2L 
(actual ly, t o  vr/2L, b u t  vr We 
already have seen t h a t  v e l o c i t y  averaging washes ou t  t he  f r i n g e  s t r u c t u r e  
away from the  r e c o i l  s h i f t e d  l i n e  center, because each cosine, w i t h  p e r i o d  
dependent on v ,  on l y  con t r i bu tes  coherent ly  a t  l i n e  center, b u t  adds w i t h  
random phase elsewhere, thus washing t o  zero i n  the  wings. But. r e c a l l  
that t h i s  r e s u l t  obta ins w i t h  f r a c t i o n a l  r e s o l u t i o n  much lower than the 
second order Doppler s h i f t .  When the r e s o l u t i o n  improves t o  where the 
interference f r i n g e  spacing begins t o  approach the  same order o f  magnitude 
as the second order  Goppler s h i f t ,  then the re  i s  no frequency, o r  " l i n e  
center", where a l l  v e l o c i t y  con t r i bu t i ons  add coherently. Rather, t he re  i s  
an  a r b i t r a r y  frequency pos i t i on ,  i n  general b lue s h i f t e d  from the  r e c o i l  
resonance frequency. which receives the m a j o r i t y  coherent b u i l d  up. This 
pos i t ion deoends c r i t i c a l l y  on the  in terzone spacing and on the  atomic beam 
v e l o c i t y  d i s t r i b u t i o n .  Contrast t h i s  t o  the  s i n g l e  zone, cw e x c i t a t i o n  
method where the  second order Doppler s h i f t e d  resonance i s  a l so  h i g h l y  
sensit ive t o  the v e l o c i t y  d i s t r i b u t i o n  b u t  l a rge ley  independent o f  resolv-  
ing power. However, even f o r  s u f f i c i e n t l y  long l i v e d  systems, the  s i n g l e  
zone method has an u l t i m a t e  resonance w id th  l i m i t e d  by the quadrat ic  
Doppler broadening ( f o r  the m u l t i p l e  v e l o c i t y  case) independent o f  poten- 
t i a l l y  b e t t e r  spectrometer r e s o l v i n g  power, whereas the  m u l t i p l e  zone 
interference method can y i e l d  a r t i f i c i a l l y  narrow resonances. Depending on 
tne  combination of v e l o c i t y  d i s t r i b u t i o n  and in terzone spacing, i t  i s  

v f o r  sa tu ra t i on  spectroscopy s ignals) .  

I 
I possible t o  produce l i new id ths  t h a t  are sub second order doppler and, per- 

haps, even subnatural i n  some cases. 

Returning now t o  F ig.  2, note t h a t  the f r i n g e  p a t t e r n  f o r  each r e c o i l  

I 

I 

peak i n  the  h igh  r e s o l u t i o n  case (2L = 7 cm) i s  i nve r ted  from t h a t  o f  t he  
l o w e r  r e s o l u t i o n  case o f  2L = 3.5  cm. We had e a r l i e r  a t t r i b u t e d  t h i s  
inversion t o  c a v i t y  phase s h i f t  between r a d i a t i o n  zones. Yowever, a velo- 
c i t y  i n t e g r a t i o n  which includes the quadrat ic  Doppler s h i f t  and no c a v i t y  
pnase s h i f t  gives i nve r ted  f r i nges  f o r  t he  2~ = 7 cm spacing. I n  f a c t ,  
already a t  3.5 cm there i s  a small asymmetry due t o  the quadrat ic  e f f e c t .  

the  accuracy and r e p r o d u c i b i l i t y  has increased i n  comolexity. But t he  
method o t  o p t i c a l  Ramsey f r i n g e s  app l i ed  t o  long l. ived atoms, such as Ca, 
i s  not hopeless. and the re  remain a number o f  p o t e n t i a l l y  usefu l  schemes. 
One could pu lse the r a d i a t i o n  f i e l o  t o  se lec t  one, o r  a t  most. a few, velo- 
city classes i n  order t o  p r e c i s e l y  determine the  second order Doppler s h i f t  
( a l s o  provides a means t o  determine the y e l o c i t y  d i s t r i b u t i o n ) .  Only those 
atoms w i t h  v e l o c i t i e s ,  v = nL/r, where T. i s  the pulse r e p e t i t i o n  r a t e  and 
n i s  an in teger ,  w i l l  i n t e r a c t  w i t h  a l l  r a d i a t i o n  f i e l d s .  However, t h i s  
method i s  very expensive i n  s ignal - to-noise r a t i o  since most atoms do n o t  
contr ibute t o  the s ignal .  Add i t i ona l l y ,  t he  s ing le  v e l o c i t y  atomic beam 
siynal i s  a s l i g h t l y  damped cosine funct ion,  rJhich presents problems i n  
determining and lock ing  t o  l i n e  center. 

Another a l t e r n a t i v e  would be r a d i a t i o n  pressure coo l i ng  o f  a l l  velo- 
c i ty components w i t h  a broadband l a s e r  frequency red  s h i f t e d  from the 

I t  i s  c l e a r  tha t  t he  task o f  determining t.he unshi f ted l i n e  center, or 
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na tu ra l  resonance frequency of a su i tab le  coo l i ng  l i n e .  For both Ca and 
Mg, the lS0 - lP1, l i n e ,  a t  4228 Fi and 2853 a, respectively, i s  a po ten t i a l  
candidate. A poss ib l y  b e t t e r  coo l i ng  mechanism f o r  Ca would be t o  simul- 
taneously o p t i c a l l y  pump on the th ree  43P0,1,2 - 53S t r a n s i t i o n s  near 600 
nm. I n  e i t h e r  case, it should be poss ib le  t o  thermal ly  cool Ca by a factor  
o f  lo2 w i t h  5 x lo4 s c a t t e r i n g  events i n  an approximately 1 cm i n t e r -  
a c t i o n  zone immediately outs ide the oven. The v e l o c i t y  would be reduced by 
a f a c t o r  of 10 and the  quadrat ic  e f f e c t  by a f a c t o r  o f  100. This Would 
g i ve  a second order s h i f t  o f  on ly  17 Hz f o r  the most probably ve loc i t y ,  
p e r m i t t i n g  a c l e a r  r e s o l u t i o n  o f  the na tu ra l  l i n e w i d t h  o f  410 Hz. The 
three zone i n t e r a c t i o n  reg ion would f o l l o w  the coo l i ng  reg ion i n  a way such 
t h a t  the coo l i ng  process does no t  take p lace i n  the i n t e r a c t i o n  reg ion ( a  
m i r r o r  w i t h  a ho le i n  it would serve t o  b r i n g  i n  the l o n g i t u d i n a l  cool ing 
beam). A common in terzone spacing o f  1.5 cm would f u l l y  resolve the reco i l  
s p l i t t i n g  and g i ve  a l i n e w i d t h  of 750 Hz HWHM. The f luorescence decay 
length i s  a l so  reduced form approximately 32 cm t o  3.2 cm, enhancing co l -  
l e c t i o n  e f f i c i e n c y .  As described i n  d e t a i l  elsewhere, i t  would be possible 
t o  f u r t h e r  improve the  s ignal - to-noise r a t i o  by photon amp l i f i ca t i on  o f  the 
exc i ted  3P1 s t a t e  t o  overcome de tec t i on  and c o l l e c t i o n  e f f i c i e n c i e s  [ 6 ] .  
The usefu l  l i m i t  t o  S/N r a t i o  could then be determined by the shot noise i n  
atomic beam i n t e n s i t y .  A conservative estimate o f  lo4 f o r  t he  in ter ference 
f r i n g e  S / V  r a t i o  wo t ld  g ive a p o i n t i n g  p rec i s ion ,  o r  f r a c t i o n a l  frequency 
s t a b i l i t y ,  o f  3 x 10 l5 a t  one second f o r  our 750 Hz l i n e .  This p rec i s ion  
should gake i t  poss ib le  t o  study and c o r r e c t  systematic e r ro rs  t o  be t te r  
than 10 l 4  and r e s u l t  i n  a very h igh  accuracy frequency standard i n  the 
v i s i b l e  spectrum. 

I n  conclusion, we have f o r  the f i r s t  t ime obtained u l t r a  h igh  reso- 
l u t i o n  w i t h  o p t i c a l  Ramsey in te r fe rence  f r i nges  i n  a long l i v e d  atomic 
systein. We have f u l l y  resolved the  r e c o i l  s p l i t t i n g  o f  the saturated 
absorpt ion s ignal  i n  the Ca. 'So - 3P, intercombination l i n e  a t  657 nm. We 
have introduced a l ock ing  scheme which g r e a t l y  extends the usefu l  s t a b i l i t y  
of a dye l ase r  spectrometer. Methods have been proposed which should 
pe rm i t  a v i s i b l e  wavelength frequency standard, based on ibis Ca-Gransi- 
t i o n ,  which should e x h i b i t  a fre-quency s t a b i l i t y  o f  3 x 10 l6 (T) and a 
r e p r o d u c i b i l i l y  exceeding 1 x 10 14. This p r e c i s i o n  shodld a l l ow  iinprove- 
ments i n  experiments i n v o l v i n g  measurements o f  frequency o f f se ts ,  such as 
g r a v i t a t i o n a l  red s h i f t .  
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