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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 um 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 um is in progress and has already yielded a
1.25 kHz linewidth (HWHM) for the single zone signal with the SF6 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 gbserved for several atoms and molecules, including Ne (by Bergquist, Lee
and Hallls ), CH4 (by Bergquist,” by K;amer, and by Baba and Shimeda”’), Ca (by
Barger, Bergquist, English and Glaze ’'’, and by Helmcke et al., 7), and SF6 (by
Bordé 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 um region with 0s0, 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 um 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 um experiments.

Ca : Experiment

The calcium atomic beam and fast-stabilized dye laser system used in_thig
experiment (Fig. la) are described in detail elsewhere.®?” Briefly, the Ca SO—BPI s
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 | kHz and long—term drift of less than
2 kHz/h. 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 to produce Ramsey fringes, the laser beams in the three zones must
have wavefronts parallel to a small fraction of a fringe and must have their rela-
tive phases constant in time. (Since these phases determine whether the fringe
intensity is positive or negative, random phase fluctuations will cause the fringe
intensity to average to zero). These conditions were met in the experiment where
the first observation of optical Ramsey fringes was achieved by J.L. Hall and his

<:011eagues,1 as well as in the early experiments6 on Ca, by the use of two opposing
cat's eye retroreflectors as indicated in the circled insert of Fig. la. With the
cat's eyes properly focused and free of aberrations three beams are obtained which
are essentially portions of a "single plane wave'", thus satisfying the requirements
of parallelism and constant relative phases.
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Figure 1
Experimental system for Ca. a) Stabilized laser and cat's eye optical system.

b) Segmented retroreflector optical system.

The opposing cat's eye system also has the beautiful and very important pro-
perty, commonly called the "pulley effect," 'wherein the relative phases of the stan-
ding wave beams are not affected by changes in separation of the cat's eyes, changes
caused by vibration, for instance. With a standing wave node formed at the reflec-—
tion-surface of the central beam in the back cat's eye of Fig. la, the locations of
the equal phase points in the three beams are determined by the distance from this
node and for these ''perfect” cat's eyes, lie on a straight line. If the upper
cat's eye moves away from the lower one by a distance +&, the centfal beam phase
point moves by +&, the right beam phase point by -&, and the left beam phase
point by + 26. Thus the equal phase points still lie on a straight line, and, as
long as the vibration periods are long compared to the atomic flight time, the
fringe intensity is not changed.

In the early experiments with Ca, Ramsey fringes were obtained with opposing
cat's eyes for beam separations 2L up to 7 cm. With the optics available to us, it
was not possible to obtain wavefronts of good enough quality to produce Ramsey
fringes for larger separations; thus, for higher resolatlon an interferometrically
aligned segmented retroreflector (SRR) was developed. As can be seen in Fig. lb
the SRR consists of a corner cube to give retroreflection, two 45° mirrors (one
adjustable in angle) to translate the retroreflected beam, and a small cat's eye
or corner cube to retroreflect the central beam. A mechanically stable structure is
obtained by mounting the corner cube and the adjacent 45° mirror on an Al block,
the cat's eye on a second, and the other 45° mirror on a third, with the blocks
rigidly mounted on ~ 3 cm diam Invar rods. To obtain long-term mechanical stabi-
lity, most of the optical components are epoxied to the blocks. The final angular
adjustement, very stable with time, is made by compressing three metal-metal contact
points on the mount for the 45° adjustable mirror. The SRR offsets and retroreflects
the incident laser beam so that the two beams are parallel to within a small frac-
tion of a fringe over the mode diameter.
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Two oppesing SRR's form the three parallel standing wave beams for Ramsey
fringes, as indicated in Fig. Ib. The input plane wave laser beam enters the first
SRR at zone 1 inm Fig. 1b 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 1 and beam-expanding telescope t , which produces a plane wave of the
desired mode diameter (™~ | cm in this case). The MMI consists of flat beam splitters
Sl’ Sz, and S, (one for each desired beam, positioned to give the desired beam
spacing), fla% beam splitting end mirror S, , flat beam splitter S_., mercury refe-
rence mirror Hgm, and cat's eye or corner cube retroreflecting end mirror ce
Beam splitter S, reflects a beam vertically down to mercury mirror Hgm, which forms
a reflecting su%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 6, the angle of reflection from one
arm changes by © and that from the other by -9, resulting in localized fringes
corresponding to the wedge 28 . 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 adjusting beam
splitters SI, SA’ and S5 to give two uniform-intensity fringe systems at
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observation point o, . These svstems are formed by interference of the beanms
reflected from ce, "and beam splitter S, and from ce, and horizontal reference
mirror Hegm . The first svystem specifies the platform rotation about the two ortho-
gonal axes perpendicular to the input laser beam, while the second specifies the
rotation about the third orthogonal axis, that of the input laser beam. After these
adjustments, the platform can be rotated, giving line fringes, and then returned
to the original angular position by rotating the platform until the two uniform-—
intensity fringe systems are again obtained., If the fringe non-uniformity is
detected visually to about 1/5 fringe, then the angular sensitivitv of the platform
rotation, for a 1 cm diam beam, is about 3x 107 ° rad.

Much higher angular sens%?ivity can be obtained using electronic detection.
An MMI has now been developed = which uses components corresponding to S, , S4 and
the retroreflector ce, in Fig. 2 together with a quadrant diode detector. This
system has an angular sensitivity of a few times 107 rad for 100s integration
time, and has been used to servo the angle of a laser beam to be constant to about
this level of precision.

The three output beams of the interferometer are made parallel by aligning
all three normal to fixed reference mirror rm as follows. With the Michelson
platform in position p, in Fig. 2, beam splitters S ., S4, and S. are adjusted to
give the two uniform fringe systems at o, . Then re%erence mirrot rm is placed in
position to reflect output beam 1 and rokated until a uniform fringe is obtained
at o, . Output beam 1 is now normal to the reference mirror, and the reference
mirror at this angle is used for alignment of output beams 2 and 3.

To align beam 2, the Michelson platform and mercury mirror Hgm are translated
to position p, (without changing the adjustement of S, , S, , or S.) where beam 2
is incident on the reference mirror. The platform is rotated to give the two uniform
fringe systems at translated observation point o, . Since the surface of themercury
reference mirror Hgm always lies in the horizontal plane, this rotation ensures
that the angle of beam 1 is the same as for platform position P; (i.e., normal to
the reference mirror). By now rotating beam splitter S, to give a uniform fringe
at o,, beam 2 is made normal to the reference mirror “and parallel to beam 1. By
translating the platform to p,, beam 3 is made parallel to beam 1 with the same
procedure. In this way, the tgree plane wave laser beams are obtained with all the
wave fronts parallel. With the reference mirror removed, these beams can now be
used for alignment of the SRR.

For interferometric alignment of the SRR, it is placed in the position indi-
cated .in Fig. 2 to give superposition of the reflected and input beams. By rotation
of the adjustable 45° mirror in the SRR, the fringe systems at o, and o, can be
made to have uniform intensities. This condition insures that an input plane wave
at 1 is retroreflected at 3 as a plane wave parallel to the input beam. The central
retroreflector at position 2 insures that the reflected beam 2 is parallel to input
beam 2.

The '"pulley effect," just as for the cat's eye system, preserves the rela-
tive phase relationships between the three beams if there is relative motion
between the SRR's. With thermal drifts of the SRR's, however, the optical paths of
beam 2 and of the offset beam change differently within the SRR, and this produces
changes in the relative phases. Thus it would be desirable to reduce thermal drifts
by making the SRR mounting blocks from Invar; however, even with the aluminium
blocks used here, relative phase changes of < T over periods of several hours
have been achieved for a beam offset of 21 cm by placing each reflector in a
nearly airtight insulating box.

Ca : Results

Let us first recall the simplified expression for the lineshape derived in
the low field limit with a 4th order perturbation approach .14
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The velocity distribution of atoms per unit volume is written :

2
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where A is a function describing the angular distribution of the unit vector n=
For a cell, 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 im the z direction
is written
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laser beam with waist LA E} and 105 are the respective amplitudes and phases

6f the six fields. The fringe signal expressed as the power absorbed in units of
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Q% = E%/ 2% are the Rabi pulsations (see reference 19 for more detailed express—
ions taking the polarization into account);y = (1-v'/c )~ accounts for the trans-—

verse Doppler effect and 28 is the recoil splitting; Yy is the decay constant of

the optical coherence and W is the probability function %or complex argument.

For beam experiments, if there is a decay of the upper level population with
a relaxation constant Y , between the last zone and the detection region bounded
by (21, 2.), the following extra-factor should be added in the v integral to obtain
the signal :

exp [— Yy !Ll/v] - exp [— Y 5&2 / v] )

The effective flux of atoms ¢eff is given by :

o =10 2 4y dz an_ ¢*(y) exp (- 2n> EE)A( n =o0,v,2)| (5
eff a kwo y y y) exp vy w2 ny’ z Y2
o

This expression allows direct comparison between cell and beam experiments.

The results obtained with the experimental apparatus described above will now
be briefly discussed. The separate Ramsey fringe patterns of the recoil doublet,
split by 23 kHz, have now been completely resolved “*' using beam separations up
to 2L =21 cm, as is shown in the comparison of experimental and theoretical profiles
in Fig. 3. The curves in the figure also show the influence of second-order Doppler
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Comparison between experimental (.,...) and theoretical (----)

optical Ramsey fringe profiles
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broadening and shift on the Ramsey fringe profile38 as resolution is increased from
2L =3.5 cm, where the ratio of fringe width (FWHM) to second-order Doppler shift
(1.7 kHz for v=u) is about 3, to 2L =21 cm, where the ratio is about 1/2. This in-
fluence is clearly illustrated in the computer-generated contour plot of Fig. 4,

]

ZL(V-—vO)/u

Figure 4

Contour plot of Ramsey fringe intensity versus normalized frequency
(v-v,) / (v/2L) as a function of resolution. The resolution parameter Z
is thé ratio (FWBM of second-order Doppler distribution./ FWHM of Ramsey
fringe that would be obtained in the absence of the second-order Doppler
shift). Contour interval, 5% . Intensities , positive; —--—, nega-
tive; —-+-+, zero.

which shows that with increasing resolving power the central fringe disappears as
the first blue-side fringe builds up, then this first fringe disappears as the
second builds up, etc. These effects are caused by the different—order dependence2
on atomic velocity v of 1) the second-order Doppler red shift, proportional to v
and 2) the period of the Ramsey fringe for a single velocity proportional to v, as
is seen in the following.

The frequency of the intensity maximum of the Nth side fringe for a single
velocity v is v -y, = (Nv/2L) =v,_v?/2c?. With high resolution (and/or high velo-
city), the second term, the second-order Doppler shift to the red, becomes im-—
portant. As v increases, the fringes on the red side of line center (negative N)
and the central fringe (N=0) shift monotonically to the red, and integration over
v makes these fringes broaden and integrate toward zero intensity. However, the
fringes on the blue side (positive N) have the interesting characteristic of a
linear shift to the blue with v and a quadratic shift to the red, and the slope of
the total shift versus v curve changes sign for a turnaround velocity v_=Nc/2Lv, .
With this turnaround, the Nth fringes for velocities near v, all occur 4t about
the same frequency. If v_ 1is near u, integration over v can result in a strong
and sharp fringe with a width much narrower than the second-order Doppler width.

In Fig. 3, the S/N is seen to be greatly degraded for 2L=21.0 cm. With the
optical RaTgey fringe technique, S/N should not be greatly reduced as resolution is
inereased, and resolution of the second-order Doppler broadening should reduce
the fringe height (Imax-I in) by only about 10% for this value of 2L, as seen in
Fig. 4. Thus the degraded S?N is believed to be due to a combination of slight non-
parallelism of the laser beams, residual laser—frequency jitter (the rms jitter is

>
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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 S/N 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 <100 Hz (less than the 400 Hz natural line-
width of th? Ca line) by use of the recently developed sideband frequency servo
techniques. 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 Bordé. 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 comtraction fits fairly wellwwith the low power limit of

Bordé's 6th order theory whiech predicts the observed 7? dependence. The theory
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, /*® 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 S/N of the fringe signal to
about 107 through us% of photon-amplification techniques and optimization of f?e
atomic beam design, leading to a pointing precision of about Av/v= 1071>¢71/2 ,
where T is integration time. This high pointin% precision should make it possible
to correct systematic errors to better than 10~ 4, giving a very high accuracy
frequency standard in the visible spectrum,

10 um experiment

In spite of many theoretical works optical Ramsey fringes using 3 field zones
in an absorption cell have been very little explored yet,3s

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 A/I0 (in the visigle) zerodur mirrors to form our 22 cm-aperture corner
cubes with a (5-10) x 107° 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 n° 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 um with a multiple beam interferometer similar to the one described above for
the Calcium experimeént. However this interferometer has a corner cube instead of
the cat's eye Ce, 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,
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Fig.5 : Ramsey fringe optical set-up

optics diameter : 11 cm
beam spacing : 2L=54cm
cell length 18 m

As shown in Fig. 6, the output beam of a very stable frequency controlled CO2
laser is expanded by a factor of ~ 7 to a 2w ~ 9 cm with two confocal coineci-
dent-axis parabolas. The beam is spatially filtered by a pinhole of 800 umdiameter

W
A JIJLASER CO, cw

y) w,= 2.9 mm
Input Parabola
f= 402 mm V
Detector
1
' Polarizer
| Ge
|
1fi
W | A4 plate
: CdS
Spatial |
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d=800um ~ | f“' Cell wall

Parabola

w=44cm output of the telescope

Beam
after Converging beam inside the cell with f=3m
the W.=3,65cm located at 300m

telescope

Confocal parameter : | km

Fig.s : Input optics for Ramsey fringe set-up
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located at the telescope focus to produce an approximately Gaussian beam (within
a few percent). Then by measuring the spot size of the beam at various distances
(up to 54 meters), we have been able to determine the waist and curvature values
shown in Fig. 6. Finally with the 10 cm diameter beam and the | km confocal para-
meter the wavefronts in the 3 zones are flat and parallel to about 1/10 of a
fringe at 10 um.

As a first test of the optical quality of this set-up, we have used the mo-
dified Villetaneuse spectrometer, to investigate the single zone saturated R(28)A°
line oﬁsthe v, band of SF_ . Since the hyperfine structure of this line is well
known , pfecise lineshape studies can be made.

A general diagram of this spectrometer can be found in these proceedings.17

Briefly, the CO, laser used for probing the large absorption cell is fre-
quency—offset-locked %rom a second reference laser. This laser is in turn locked
to a saturation line of a heavy molecule like 0sO, obtained with a separate
absorption cell using a line center 15t (or 3rd ) ‘derivative lock. Frequency
tuning is accomplished through variation of the synthesizer frequency used in the
frequency-offset-lock.

The stability of the lasers is illustrated in Fig. 7, which shows & spec-—
tral purity of ~ 150 Hz for the beat frequency of the two lasers 1lecked indepen-
dently to separate saturated absorption lines.

Fi1g.7 : Beat frequency
spectrum of two CO2

lasers locked to R(28)Ac2)u

line of SF6 and to a

strong line of 0504.
The frequency scale is
200 Hz/div. The vertical

scale is linear and the

resolution of the spectrum

analyzer is 30 Hz.

This laser linewidth is of the order of the Ramsey fringe width (180 Hz FWHM)
expected for our 54 cm beam separation for SF, . With the lasers unlocked,the free
running spectral purity is of the order of 1 gHz with drifts of a few kHz over
several minutes. Also the same order of stability has been achieved with a wave-
guide CO, laser tunable over 500 MHz. This should provide a great deal of new hy-
perfine Fesults for many molecules like SF6’ OsO4 a SiH4 " SiF4 5 PF5 5 NH3 el ¢

This laser stability will be improved in the near future through acoustic
isolation and better servo systems.

32 Fig. 8 shows the lst derivative hyperfine spectrum of the R(ZS)AS cluster of
SF,_ at 28.464 691 306 THz. The experimental linewidth is 1.2 kHz (HWHM). Also
shown is the theoretical spectrum calculated by J. Bordé for the two overlapping
I=3 (7 components) and I=1 (3 components) multiplets. The central three compo-—
nents are doublets with splittings of about 1.6 ;1.1; 1.5 kHz. The 1linewidth is
close to the value expected for our laser beam diameter as can be seen from the
main contributions to the observed width (HWHM) : geometrical effects: 650 Hz ;
collisions ;200 Hz ; power broadening : 100 Hz ; modulation broadening: 100 Hz ;
spectral purity of the laser :100 Hz ; residual Zeeman effect from the earth
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Profiles of the R(28)A()1ine of the v, band of BZSF o -5

- Upper : experimental first derivatiVe spectrum (S? pressure : 10 Torr;
laser power:4 1 Watt; time constant :llgi sweep time :5 min.)
Frequencies are in kilohertz from the 0s0, line at 28 464 676 938.5 kHz

~ Lower : calculated profile (linewidth (HWHM)4= 1.25 kHz).

magnetic field after compensation 20 Hz; other eéffects such as natural linewidth,
recoil splitting, and 2nd order Doppler effect are also negligible.

In conclusion, we have presently reached the theoretical transit—time limited
linewidth for single zone saturated absorption showing that the wavefronts are of
good quality over the Il cm optics diameter, We have demonstrated that open corner
cubes can be used to produce good quality large infrared reflected beams and this
is an important advance for high accuracy infrared saturation spectroscopy.

The next step will be to improve both the long-term stability of the lasers
and the signal-to-noise ratio in order to detect the fringes.
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