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High-resolution spectroscopy with a molecular beam at 10.6mm

A. Amy-Klein,* L. F. Constantin, R. J. Butcher,† G. Charton, and Ch. Chardonnet
Laboratoire de Physique des Lasers, CNRS UMR No. 7538, Universite´ Paris 13, 99 avenue J. B. Cle´ment, F-93430 Villetaneuse, France

~Received 18 May 2000; published 1 December 2000!

Molecular spectroscopy in the infrared region is pushed to new limits by using the Ramsey technique of
separated fields on a two-photon transition in SF6 excited using a CO2 laser. The geometry employed elegantly
compensates all Doppler problems, while giving progressively higher resolution for simple optical adjustments.
In addition, the molecular beam can be characterized by interrogation of a quasiresonant intermediate level.
Fringes are obtained with a periodicity down to 1.5 kHz and a statistical uncertainty of a few 10213 Hz21/2. The
projection for a frequency standard is in the 10215 range.
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I. INTRODUCTION

CO2 lasers stabilized on narrow sub-Doppler molecu
resonances are widely used as secondary frequency stan
in the 9–12-mm spectral region. The saturated fluorescen
technique developed by Freed and Javan is commonly u
for stabilization onto the CO2 laser lines because it provide
a convenient reference for all laser lines@1#. By use of dif-
ferent CO2 isotopic species, it provides a dense grid of r
erence frequencies with accuracies of a few kHz in the
frared region. Alternatively, CO2 lasers can be locked
directly onto saturated absorption lines of molecules. By t
means, the CO2 laser locked onto a saturated absorpti
resonance of OsO4 provides a secondary frequency standa
in the 10-mm region with very good stability characteristic
@2,3#. Its accuracy reaches 10 Hz for the optimal lines@4#.

To improve this performance, the well-known strategy
to record narrower and narrower lines; since most of
systematic errors are proportional to the linewidth of the f
quency reference, any increase in the experimental resolu
will result in an increase in the ultimate accuracy of t
frequency standard. A slow molecule detection meth
@5–7# pushes the transit broadening limit down and the re
lution may be improved to a few hundreds of Hz, but with
degraded signal-to-noise ratio~SNR!. The alternative possi
bility of slowing and trapping molecules is very limited fo
the moment@8#.

While molecular spectroscopy using cells is now a
proaching its limits, the possibility of high-resolution spe
troscopy at 10mm with a molecular beam is less explore
The method of separated fields or Ramsey fringes@9# was
extended to the visible domain in the 1970s@10–15# and
allows the limit of resolution with a beam to be greatly im
proved. Several visible frequency standards were develo
with this technique. At 10mm, after the pioneering work o
Bordéet al. @16#, few developments followed@17#, although
more recently new interest in this technique has emer
@18,19#. Later, some two-photon lines were observed a
identified in SF6 @20,21#, opening an opportunity to explor
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two-photon Ramsey fringes. Thus, molecular-beam spect
copy seems very promising for a new generation of f
quency standards in the infrared.

II. TWO-PHOTON RAMSEY FRINGES

The main point of Ramsey spectroscopy is to provide
signal of which the linewidth is no longer limited by th
transit time through the laser beam. For this purpose,
single interaction zone is replaced by two spatially separa
zones, with a fixed relative optical phase. When a molec
has passed through the first zone of interaction, it is in
coherent superposition of lower and upper levels. The coh
ence precesses freely between the two zones. In the se
zone, the molecule is either excited or deexcited, depend
on the relative phase between the excitation field and
coherence. Thus, fringes develop in the excitation probab
versus the laser frequency, and their spacing depends o
transit time between the two zones.

In the optical domain, this method must be associa
with a sub-Doppler technique in order to avoid scrambling
the fringe pattern. The use of saturated absorption an
three- or four-zone configuration@10,12,13,16# imposes se-
vere conditions on parallelism and equidistances that,
practice, limit the distance between zones and, finally,
ultimate resolution. By contrast, in the case of two-phot
spectroscopy only two zones are required, each comprisi
standing wave, and the Doppler shift is compensated in e
one@11,12,14,15#. The excitation probability for a molecule
of longitudinal velocityvx , which crosses the centers of th
two standing waves, is proportional to

Veff
2 $11cos@2~v2veg/2!D/vx1DF#%

3expF2S v2veg/2

vx /w D 2G ,
whereVeff/2p is the effective Rabi frequency,D is the dis-
tance between zones,w is the laser beam radius,v2veg/2 is
the laser frequency detuning from the two-photon resonan
and DF is the relative phase of the standing wave betwe
two zones. The experimental signal should exhibit fringes
spacing half the inverse of the transit timeD/u between two
zones for the mean velocityu. The contrast is unity if the
d,
©2000 The American Physical Society04-1
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observed transition is well isolated. The only constraint
that the relative phaseDF vanishes@12#, which is easily
fulfilled by generating both standing waves inside the sa
Fabry-Perot cavity. In addition, this guarantees that the c
tral fringe coincides with the molecular resonance. The s
fringes will be attenuated due to the longitudinal veloc
dispersion and the entire pattern is superimposed on
broader two-photon signal arising from the absorption in o
single zone.

This simple description of the Ramsey fringes was
cently reviewed using a complete treatment of energy
momentum conservation@22#. The configuration with two
spatially separated zones reveals a new subtlety. The frin
must then be interpreted as arising from the change of
mentum of the molecules along the molecular beam. In
respect, it must be noticed that the area between the p
corresponding to the two excitation channels is negligib
which makes this interferometer insensitive to such exte
fields as rotation or gravity. This is a main advantage co
pared to the Ramsey-Borde´ interferometer in the context o
the frequency metrology.

III. EXPERIMENTAL APPARATUS

Preliminary 10-kHz two-photon Ramsey fringes were
ready observed on SF6 elsewhere@19#, with a resolution lim-
ited by the hyperfine structure and the laser linewidth. W
plan to reach much higher resolution and have constructe
apparatus, with an adjustable interzone distance, to
fringes of periodicity 2 kHz to 100 Hz.

The SF6 molecule, with high absorption characteristi
and two-photon resonances, is well suited to high-resolu
spectroscopy at 10.6mm. Another good candidate would b
OsO4, because abundant isotopic species have no hype
structure, but no two-photon transition has yet been m
sured or calculated.

The experiment was performed on theP(4) E transition
of the 2n3 band of SF6, which is at 174 MHz from the cente
of the P(16) CO2 laser line. Figure 1 gives the structure
the three levels involved, with a detuning from the interm
diate level of 76 MHz. The two-photon transition was fir
measured by@20#, who also pointed out its potential as
frequency standard.

FIG. 1. Schematic of the three levels involved in theP(4) E
resonance.
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The experimental setup is presented in Fig. 2. It is co
posed of three parts: the frequency-controlled laser syst
the Fabry-Perot cavity, and the molecular-beam apparatu

A. The laser sources

The performance of our frequency-controlled laser syst
has already been described in detail@3#. It employs two CO2
lasers emitting in the 10-mm region. The first laser is
frequency-locked to theP(55) OsO4 line located at 59 MHz
from the center of theP(16) CO2 laser line@23#. The beat
note between this laser and the second laser is then ph
locked to a tunable synthesizer. Thus, the stability acqu
by the OsO4 lock is transferred to the second laser, which
also tunable around the emission line of CO2. The main sta-
bility characteristics are a laser linewidth of the order of 6
@full width at half maximum~FWHM!# which is 2310213 in
relative value, and an Allan variance of 0.1 Hz (Dv/v53.5
310215) for a time constant of 100 s. The reproducibili
was estimated to be 10 Hz. This stability performance
sures that our experimental resolution will not be limited
the laser itself.

B. The folded Fabry-Perot cavity

A key point of the experiment is the generation of the tw
phase-coherent standing waves forming the two interac
zones for Ramsey spectroscopy. They are realized with
four-mirror folded Fabry-Perot cavity~FPC!. The mirrors are
mounted on an independent structure made from invar
graphite that is mechanically isolated from the vacuu
chamber by graphite wool padding. The mirror mounts c
be translated along the structure to adjust the interzone
tance. The cavity is symmetric; the coupling mirrors a
plano-concave with a 50-m curvature, while the folding m
rors are plane. The beam radius is almost constant inside
cavity; it is approximately 3 mm for a 10- or 20-cm interzon
spacing. The laser feeds a cavity mode with a linear po
ization, perpendicular to the plane of incidence. For that
larization, the reflectivity of each mirror is 99.8%, leading
a theoretical finesse of 500~Appendix A!. The corresponding
measured value is 470.

Each concave mirror is mounted on a piezoelectric tra
ducer~PZT! in order to modulate or adjust the cavity lengt
while the transmitted signal is used for locking the cav
resonance onto the laser frequency.

FIG. 2. Experimental scheme for two-photon Ramsey frin
es. AOM denotes acousto-optic modulator; FM denotes freque
modulation.
4-2
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C. The molecular beam

The molecular-beam apparatus was designed for su
sonic expansion of SF6. This allows rotational cooling of the
beam, and thus a strong enhancement in the population o
J54 level. We use either a pure SF6 or a He-seeded beam
with an input pressure of a few 105 Pa. The advantage o
pure SF6 is that the velocity is lower, so the transit time
longer and the resolution is better.

The apparatus is 3 m long with two vacuum chamber
The supersonic expansion arises from a 25- or 50-mm-diam
nozzle in the first vacuum chamber, which is pumped b
diffusion pump and separated from the second chamber
500-mm-diam skimmer. The nozzle-skimmer distance m
be adjusted in the range 5–15 mm. The experimental ch
ber is 2 m long and 250 mm in diameter, pumped upstre
with an ionic pump and down stream with a cryogenic tr
and a diffusion pump. All connections are designed to m
mize the mechanical noise transmission from the prim
pumps.

IV. BEAM CHARACTERIZATION

A. Mechanical methods

The beam profile was first characterized using a tors
pendulum1 on the molecular stream. The rotation was me
sured optically and the partial flux deduced for different p
sitions of the pendulum. This revealed a small horizon
deviation of a few mrad of the beam from the axis of t
chamber, and that the divergence was given by the noz
skimmer distance and the skimmer aperture. The devia
increases linearly with the nozzle pressure at 20 cm do
stream from the nozzle, indicating good functioning of t
beam. This dependence ceased to be linear at 1.20 m d
stream, when the residual pressure exceeded a few 1024 Pa,
showing the limit of free expansion due to the residual g
pressure.

Assuming a theoretical supersonic velocity of 350 m
we deduce a total flux of'1015 molecules per second for
15-mm nozzle-skimmer distance and an input pressure
SF6 of 53105 Pa. This is consistent with a rate calculation
a simple measurement of increase of the pressure when
is no pumping in the second chamber.

The longitudinal velocity distribution was measured usi
the usual time-of-flight~TOF! technique. A mechanica
chopper modulated the beam and the current of an open
ization gauge indicated the molecular flux. The experimen
TOF curves were analyzed and compared with numer
simulations taking into account the chopper slit width a
the classical velocity distributionf (v)5A v2 exp$2@(v
2u)/Dv#2%, whereu is the central velocity andDv the longi-
tudinal velocity dispersion. For a pure SF6 beam obtained
with an input pressure of 53105 Pa, we measured a centr
velocity of 370 m/s and a longitudinal dispersion of 55 m
This is consistent with calculations@24#, and with biblio-
graphic data@25,26#. We also recorded TOF data for a H

1This apparatus was loaned to us by Professor J. Baudon.
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seeded beam, with 2.5– 25 % SF6. The experimental value o
the mean velocity coincided with that of an effective partic
having the weighted mean molecular mass and heat cap
of the components of the expanded mixture, as it should
an ideal gas mixture@24#. This demonstrates the absence
clusters in the beam, which would have increased the ef
tive weight and induced a slowing of the beam. The relat
dispersion is 10–15 % less than with the pure beam, and
better translational cooling indicates that the other expans
parameters, such as the rotational cooling, would also
more favorable.

B. Optical methods

The first step of characterization of the beam gives
access to the partial flux in theJ54 level. This important
information was obtained by performing linear absorpti
spectroscopy on the one-photonP(4) E transition of then3

band. Laser spectroscopy has already been widely used
state-selective diagnostics of a molecular beam@27#. Associ-
ated with the line shape and amplitude analysis, this opt
method of detection completes the characterization of
beam.

1. Analysis of the linear absorption signal

The experimental setup is very simple: a laser be
crossed the molecular beam perpendicularly, and its abs
tion was monitored as a function of frequency. The la
frequency was shifted 240 MHz by acousto-optic modulat
~AOM’s! and tuned to the lower transition of Fig. 1. A slo
ted disk was used to chop the molecular beam, thus indu
a modulation of the absorption as detected through a loc
amplifier. The laser parameters were chosen to maximize
population inversion, using rapid adiabatic passage~RAP!
from the ground level to the excited level~see@28# and refs.
therein!.

The line shape is dominated by the Doppler broadeni
the linewidth is typicallykuDu for our experimental condi-
tions, whereDu is the beam divergence. But it is complicate
by the fact that the modulation phase is not uniform as
beam diameter at the chopper is not negligible compare
the slot size. This induces an out-of-phase signal, with
dispersive line shape, and the in-phase line shape is
formed from a Gaussian absorption line shape in the win

The influence on the line shape of this phase dispers
and of the longitudinal velocity distribution was analyze
see Appendix B. Figure 3 displays the in-phase and out
phase experimental signals, together with a simulation
the two spectra that reproduces the relative amplitudes v
well. Note that the signal amplitudes are comparable for b
phases, whereas no out-of-phase signal is expected whe
beam diameter is small compared to the size of the chop
slot. Except in the wings, the in-phase line shape is corre
fitted with a Gaussian, the center and width of which giv
with good precision, the deviation and divergence of t
beam. In this case, the effect of the dispersion of the phas
the modulation can be neglected.
4-3
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2. Divergence, deviation, fractional condensation, and
temperature of the beam

The absorption was first recorded at 20 cm from
nozzle, giving typical linewidths of 1–2 MHz. The resultin
deviation and divergence were consistent with the ones
tained with the torsion pendulum. The total divergence
pends, however, on the input pressure; it increases by
proximately 30% when the pressure is raised from 13105 to
53105 Pa.

We also checked that the signal amplitude increased
early with the input pressure. This indicates the absenc
clusters in the beam, at least up to 53105 Pa.

Finally, we tried to record the absorption on other lin
but with a highJ value, for instanceQ(40) A1

0 or Q(40) F1
1

@29#. The lack of signal, although the apparatus had the s
sitivity to record some absorption with an amplitude reduc
by more than 10, indicates that the temperature of our be
is below 30 K.

3. Estimation of the flux

The signal amplitude was then analyzed to obtain the p
tial flux in the J54 level. This depends on the absorptio
probability and the laser divergence, and the geometrical
tor for the overlap of laser and molecular beams. The ma
mum absorption signal is reached in the RAP regime, wh
leads to a total population inversion.

In the interaction, an expanded laser beam~radius'5.5
mm! crosses the major part of the molecular beam. It w
slowly convergent (uL'2 mrad) with a power correspond
ing to a fewp pulses.2 Figure 4 displays the square root
the absorption signal against the square root of the la
power, in reduced units. The experimental signal first
creased linearly, then saturated, indicating the beginning
the RAP regime. At this power level, a few tens ofmW,

2The p-pulse power is 18mW for that transition and a mea
velocity of 370 m/s@29#.

FIG. 3. Linear absorption of theP(4) E resonance of then3

band of SF6. Continuous lines correspond to the two experimen
absorption spectra, in phase with the modulation~Gaussian shape!
and out of phase. They were recorded at 20 cm from the noz
with the same vertical scale, and with the following experimen
conditions: 53105 Pa pure SF6 beam, nozzle-skimmer distanc
15 mm, 40-mW power. Dashed lines correspond to a numeri
simulation for the two phases with a divergence parameterDu
532 mrad anda585 mrad~see Appendix B!.
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noise is proportional to laser power. Thus, to optimize
signal-to-noise ratio we limited the power to a level ju
approaching the regime of RAP. We are in neither the we
field regime nor the strong-field regime~saturation paramete
@1! with these conditions. This situation is described a
simulated in@30# for the case of molecules crossing the ce
ter of the laser beam. The experimental case here is so
what different since most of the molecules do not cross
center and thus experience a reduced power.

Saturation is best parametrized inA(P/Pp)(w0 /w) as in
Fig. 4 since, in the divergent part of the beam, the use
power is the power reduced by the ratio of the laser be
radius to the waist. Thus for our laser characteristics, onse
saturation corresponds to fivep pulses, that is, 1 on thex
axis. The continuous line of Fig. 4 corresponds to a simu
tion of the averaged transition probability for the differe
molecular trajectories in a plane perpendicular to the la
beam @31#. It clearly fits very well with the experimenta
points for power not exceeding two reduced units, parti
larly since there is no adjustment of the horizontal scale. T
also demonstrates that the mean transition probability
molecules having zero velocity along the laser beam is
proximately 0.6 at onset of saturation, and increases slow
Note that we also took into account the velocity distributio
which changes the interaction time and thus the pulse a
but it does not influence the probability by more than a f
percent.

The molecular-beam spread along the laser beam m
also be taken into account which will increase the avera
transition probability at higher powers. This is the origin
the deviation of the experimental points from the simulati
on Fig. 4. Since the transit width is small compared to

l

le,
l

l FIG. 4. Square root of the linear absorption signal, against
square root of the laser power, in the reduced unit
A(P/Px)(w0 /w). Square points correspond to experimental data
the P(4) E resonance of then3 band of SF6 with the experimental
conditions: pure SF6 beam at 53105 Pa with a velocity of 370 m/s,
nozzle-skimmer distance 15 mm, beam diameter 10 mm, lase
vergence 2 mrad, and diameter 11 mm. The continuous line co
sponds to a simulation of the average absorption probability for
different molecular trajectories in a plane perpendicular to the la
beam. The experimental data were multiplied by an arbitrary fac
to adjust them to the vertical scale of the simulation.
4-4
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residual Doppler width, the averaged absorption probab
for the whole beam is at least 0.6(uL /Du) at onset of satu-
ration. The factor in parentheses is approximately 0.06 in
experimental conditions.

As a result, we measured, at a distance of 20 cm from
nozzle, a partial flux of'531012 molecules per second i
the J54 level for an input pressure of 53105 Pa and a
15-mm nozzle-skimmer distance. Assuming a temperatur
30 K, this corresponds to a total flux of approximately 1015

molecules per second, which is consistent with our previ
measurement.

We also recorded the absorption at different distances
and 120 cm, from the nozzle. For 70 cm, the reduction
flux is well described by the beam divergence, taking in
account the different geometrical overlap and transit
probability compared to the experiment at 20 cm. But th
parameters can explain only half the reduction of flux at 1
cm, which indicates that the molecular beam begins to
destroyed by the residual gas, of which the pressure is a
1024 Pa.

V. HIGH-RESOLUTION SPECTROSCOPY

A. Detection methods

Two different optical detection methods may be used. T
first possibility is to record the transmission signal of t
cavity, detection channelD1 in Fig. 2, taking advantage o
the enhancement of the signal contrast due to the cavity~Ap-
pendix A!. The laser frequency is modulated through t
synthesizer, which drives the phase-lock loop. Alternative
the signal can be read downstream of the interaction by p
ing the molecular-beam absorption on the upper one-pho
transition with an auxiliary beam, detection channelD2 in
Fig. 2. This is very similar to the RAP experiment describ
in Sec. IV. To record the fringes, the modulation depth w
small enough that modulation could be applied to the rad
frequency driving the AOM 1. In this method, the auxilia
beam was not modulated. The signal arose from a mod
tion transfer from the molecular beam to the laser beam
there was, thus, no background.

B. Saturated absorption

As an intermediate step towards Ramsey fringes, a s
rated absorption signal within the Fabry-Perot cavity w
first detected in order to test and optimize the cavity perf
mance and the detection methods.

The laser frequency was shifted by both AOM’s of Fig.
and tuned to the lower one-photon resonance. The l
beam fed the FPC, of which the interzone separation wa
cm. Figure 5 displays a typical spectrum for an input pr
sure of 53105 Pa. The signal was detected on the be
transmitted by the FPC after demodulation at 20 kHz, wh
corresponds to the laser frequency modulation. It fits v
well with the derivative of a Gaussian. This line shape ha
40-kHz peak-to-peak width that corresponds to the convo
tion of the hyperfine structure and the individual compone
broadened by the transit effect through just one zone. N
that the SNR is quite low although the detection proc
01340
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allows a gain of 300 on the contrast. The transmitted be
was indeed noisy, and this prevented the observation of t
photon absorption with this configuration.

The noise results mainly from the instability of the FP
The cavity noise exhibits low-frequency peaks, which p
vent any increase in the gain and the bandwidth of the se
loop of the cavity length. These peaks were reduced a
better isolation between cavity and chamber and when
cavity rigidity was improved. Figure 5 was recorded aft
part of this improvement. Then an 8-cm spacing betwe
zones was employed to improve further the FPC stabil
The noise reduced simultaneously and this allowed us
detect Ramsey fringes in the best conditions~see Sec. V C!.

Another important source of power instability originat
in back reflections of the laser beam from the cavity. T
coupling between laser and cavity mode is made with a t
scope, and was optimized with filtering of the laser mo
The reflected beam intensity was also minimized, by us
antireflection optics composed of a polarizer plus a quar
wave plate and attenuators.

Finally, we observed the laser frequency stability by
cording the beat note with a third laser in another room. W
could check that the vibration of the pumping system did
degrade the stability of the spectrometer.

C. Two-photon Ramsey fringes with an 8-cm interzone
spacing

Figure 6 displays an ultrahigh resolution two-phot
spectrum for an 8-cm spacing between zones@32#. The cen-
tral part exhibits Ramsey fringes with more than 10 oscil
tions, which are superimposed on the broader signal aris
from the two-photon absorption in a single zone. The fring
were recorded on the transmission signal of the cavity for
input pressure of 53105 Pa pure SF6 and a 5-mm nozzle-
skimmer distance. The laser frequency was modulated
1.012 kHz with a depth of 500 Hz. Optimal power in th

FIG. 5. Saturated absorption signal detected on the cavity tr
mission beam using a laser FM of 20 kHz. Typical conditions:
mW in the cavity, 53105 Pa pure SF6 beam. Data are fitted with the
derivative of a Gaussian.
4-5
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folded standing wave was about 16 mW, which correspo
roughly to ap/2 pulse for the two-photon transition. Th
accumulation time per point is 2.4 s. The background sig
fits very well with the derivative of a Gaussian, of peak-t
peak width 30 kHz. The line shape is a convolution of t
transit line shape, peak-to-peak width 28 kHz, with the h
perfine structure.3 The central part of the spectrum, corr
sponding to the main hyperfine component, has been fi
with a sine superimposed on a slope, resulting in a frin
periodicity of 2.3 kHz and a relative determination of th
central frequency with precision better than 10 Hz. This
limited by the signal-to-noise ratio~SNR!, which is approxi-
mately 3 for 1 s of averaging. As a comparison, the fou
zone saturated absorption developed earlier led to 10.42-
fringes with a SNR of 6 for 1 s of averaging@16#. The peri-
odicity is consistent with the theoretical valueu/2D ~see Sec.
II ! with u5370 m/s andD58 cm. The absolute frequenc
28 412 764 347.0~2! kHz was determined using the OsO4
frequency grid@23# as recently updated@34# and agrees with
the previous measurement@7#. The contributions of other
hyperfine components are less visible but their positions
consistent with the values given above.

Fringes were recorded in similar conditions for an inp
pressure of 33105 Pa. The amplitude was reduced propo
tionally, which indicates good functioning of the molecul
beam up to a pressure of 53105 Pa.

We also varied the distance between nozzle and skim
between 5 and 15 mm, checking that the fringe amplitu
were decreasing linearly with this distance. The molecu
beam diameter in the second zone is indeed larger than

3The two-photon resonance is composed of four main hyper
components spanning 40 kHz with the following relative amp
tudes and positions: 0.68 at211.78 kHz, 1 at 0 kHz, 0.46 at17.43
kHz, and 0.24 at117.06 kHz@7,33#.

FIG. 6. Two-photon absorption signal detected on the ca
transmission beam. Experimental conditions: laser FM at 1.
kHz, depth 500 Hz, 16 mW in the cavity, 53105 Pa pure SF6 beam,
accumulation time 2.4 s/point. Data are fitted with the derivative
a Gaussian.
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laser diameter. Thus the change of the molecular-beam
perpendicular to the laser beam does not influence the n
ber of molecules interacting with the laser. The gain co
cerns only the direction along the laser beam.

The modulation parameters were adjusted to optimize
SNR. With half the modulation frequency and the sam
modulation index, the signal was 30% higher, but the no
increased approximately two times. Since frequency a
depth are not negligible compared to the fringe periodic
the line shape would differ slightly from the simple deriv
tive of the two-photon signal, and this could induce a sm
reduction of the contrast.

With this FM detection, the amplitude of the fringe
should be greatly enhanced compared to the two-photon
sorption background, but this is obviously not the case.
fact, the spectrum corresponds to a contrast of only 1
This results partly from the molecular-beam divergence si
there are 35% fewer molecules crossing the second zon
interaction, which multiplies the contrast by 0.8, and par
from the hyperfine structure because of the superpositio
the background signals for the different hyperfine comp
nents, which leads to another factor of approximately 0
This implies that the fringes arise from roughly one order
magnitude fewer molecules than expected. For the cen
component, only a few 1010 molecules per second contribu
to the interference signal. This loss of signal can be pa
attributed to the imperfect alignment of the two zones re
tive to the beam axis. It could also be due to a partial m
lecular decoherence between the zones caused by s
angle collisions in the beam that dephase the molec
coherence, or to the Zeeman effect. Either will give a par
scrambling of the fringe pattern.

Fringes were also recorded by detection channelD2 ~see
Fig. 2! using rapid adiabatic passage. They exhibited a li
smaller SNR~2 for 1 s! while the signal itself was reduce
by roughly an order of magnitude. Due to this loss of sign
which probably has the same origin as the loss of contr
we were not able to compare the two detection chann
This detection channel, however, which has theoretically
background, should benefit from an active reduction of
laser intensity noise.

D. Increase of the resolution with a 20-cm interzone spacing

As a second step, to increase the resolution, some frin
were recorded with a 20-cm interzone spacing. With a p
SF6 beam, the SNR was degraded to about 1 for 10-s a
aging time.

To overcome this problem, we decided to seed the be
with He, since its supersonic expansion has better per
mance. Also channeling of the heavier SF6 molecules inside
the He beam enhances the partial flux in the beam cen
Figure 7 presents a typical spectrum obtained with 25%6
in He and a 20-cm interzone spacing. Data are fitted wit
sine superimposed on a slope, giving a periodicity of
kHz. This is consistent with the faster speed of 590 m/s
the molecules. The fringes were recorded on the transmis
of the cavity for a total input pressure of 53105 Pa. The
laser frequency was modulated at 462 Hz with a depth of

e

y
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f
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Hz. Due to the limited power available from the laser, th
power in the standing wave was only 26 mW. This is no
not sufficient to apply ap/2 pulse, since the molecular ve
locity is increased. The SNR is roughly 2 for a 1-s averagin
time.

On reducing the proportion of SF6, the resolution de-
creased but the signal increased, which illustrates the be
rotational cooling. Figure 8 displays a spectrum with 7.5
SF6. The periodicity is 2.3 kHz as with a pure SF6 beam and
an 8-cm interzone spacing, but the SNR is now 10 for 1
and we were able to define the line center within 6 Hz.

VI. CONCLUSION

In this paper, we present our results of ultrahigh
resolution spectroscopy in the 10-mm region using a molecu-

FIG. 7. Fringes detected on the cavity transmission beam. E
perimental conditions: FM applied on the laser PZT at 462 H
depth 400 Hz, 26 mW in the cavity, 25% SF6 beam at 53105 Pa,
accumulation time 5 s/point. Data are fitted with a sine superim
posed on a slope.

FIG. 8. Fringes detected on the cavity transmission beam. E
perimental conditions: FM applied on the laser PZT at 962 H
depth 400 Hz, 14 mW in the cavity, 7.5% SF6 beam at 5.5
3105 Pa, accumulation time 1.6 s/point. Data are fitted with a si
superimposed on a slope.
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lar beam of SF6. The beam was characterized by analyzi
the linear absorption line shape and amplitude. We dem
strated two-photon Ramsey fringes on a 1.5-kHz periodic
which improves by a factor of 7 the periodicity obtained
a saturated absorption resonance of SF6 @16#. The fringes
were obtained using a 20-cm interzone separation, wh
demonstrates the experimental advantage of a two-ph
configuration. The achieved resolution compares very w
with that obtained in the optical domain using Ramsey sp
troscopy as, for example, the 1-kHz periodicity using Ca
657 nm in a magneto-optical trap with time-separated fie
@35# or the 5-kHz periodicity of the two-photon 1S-2S tran-
sition at 243 nm in hydrogen@36#.

The present results represent a first step in this exp
ment, since we demonstrated that only a fraction of m
ecules of the beam contributes to the fringes signal. T
fringe linewidth of 375 or 575 Hz@half-width at half maxi-
mum ~HWHM!# is comparable to the 280-Hz linewidt
~HWHM! achieved with the detection of slow molecules in
cell @7#, using the same transition. But the present SNR of
for a 1-s integration time is seven times better.

We plan to modify the expansion system to improve t
beam performance. The resolution might then be impro
by an order of magnitude. Although the contrast of t
fringes is less than expected, the signal is in fact very str
~a few 1010mol/s, i.e., 1 nW!. Thus, the SNR is mainly lim-
ited by the strong technical noise that is inherent in a
absorption detection method. This suggests that we m
improve the SNR dramatically by a better detection te
nique, such as using state-selective ionization. Thus,
Ramsey setup seems very promising because there is co
erable room for both signal improvement and noise red
tion. Concerning the metrological features, the system
effects are either very small or can be easily and precis
measured or calculated, with the possible exception of
black body radiation shift@37#. This system is thus a very
serious candidate for a frequency standard in the infra
region with a potential accuracy in the 10215 range.
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APPENDIX A

This appendix gives the different characteristics of t
folded Fabry-Perot cavity. ForT1 andT2 , the intensity trans-
mission coefficient of the coupling and folding mirrors, r
spectively, the finesse is given byF5p/(T112T2). At reso-
nance, for an incident intensityI i , the intensity inside the
cavity is I C /I i5T1 /(T112T2)2, the reflected intensity is
I R /I i5@2T2 /(T112T2)#2, and the transmitted intensity i
I T /I i5T1

2/(T112T2)2. The signal contrast on the transmi
ted beam is enhanced by a factor 2F/p.
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The mirror specifications giveI C /I i555, I R /I i50.44,
I T /I i50.11, and a finesse of 500 forSpolarization, while the
measured value is 470. The gain in contrast is then of
order of 300. The experimental finesse is'170 for theP
polarization, and the cavity resonances are also differen

APPENDIX B

This appendix details the analysis of the linear absorp
line shape in the molecular beam.

The functiona(v,u,v) represents the absorption for a
elementary part of the beam of longitudinal velocityv and
inclination u to the beam axis.a(v,u,v)5 f (v)g(u)exp„
2@(v2kvu)/g#2

…, where f (v)5Av2 exp„2@(v
2u)/Dv#2

… is the usual velocity distribution for a superson
beam, we assume a Gaussian divergence shapeg(u)5exp„
2@(u2u0)/Du#2

…, and g is the transition width. The tota
absorption signal results from the double integration
a(v,u,v) over velocity and angle, weighted by the phas
dispersion factor cos„w(v,u)…. This factor cos@w2pu/a
22pd/(vT)# contains two terms in addition to the lock-i
EE

S

rd

l.

l.

S

a

ys
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amplifier phasew: the first one depends on the angle
view a of a disk slot from the beam origin, and the seco
one depends on the ratio of the transit timed/v between
chopper and laser beam to the slot rotation periodT.

All the parametersu, Dv, a, w, d, andT are well known,
exceptg. This last is of the order of the transit width:
g/2p'50 kHz, which has no influence on the line shape
this is mainly governed by the Doppler broadeni
kuDu/2p'1 or 2 MHz. We chose the chopper period
that the factord/(vT) was approximately constant over th
velocity distribution so that the integral over the longitudin
velocities would not influence the line shape. For examp
the factor changes only6 15% for 1/T'750 Hz andd
515 cm.

By contrast, the line shape is governed by the beam
vergenceDu and deviationu0 . The line is centered atkuDu,
and evolves from a quasi-Gaussian line shape~‘‘in-phase’’!,
the linewidth of which is proportional toDu, to a dispersive
line shape~‘‘out-of-phase’’!. The ratio of the in-phase an
out-of-phase amplitudes is 2.4a/Du.
pt.
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