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Observation of ground-state Ramsey fringes
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~Received 14 February 2003; published 26 June 2003!

We have used trapped85Rb atoms to demonstrate an atom interferometric measurement of atomic recoil in
the frequency domain. The measurement uses echo techniques to generate a Ramsey fringe pattern. The pattern
exhibits recoil components consistent with theoretical predictions. We find the measurement to be insensitive
to magnetic field gradients and discuss the prospects for a precision measurement of the recoil frequency.
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I. INTRODUCTION

During the past 15 years, there have been rapid adva
in the field of precision measurements in atomic phys
These developments have been stimulated by the abilit
obtain ultracold samples of trapped atoms using laser coo
techniques@1,2#. The robust nature of these traps has led
atomic fountain clocks that now serve as time standards@3,4#
and improved measurements of atomic structure@5–7#. Atom
interferometers~AI’s ! using cold atoms have achieved sta
of the art measurements of gravitational acceleration@8,9#
and rotation@10#. AI’s have also been used for precise me
surements of the atomic fine-structure constanta @11#. This
constitutes a particularly interesting test of fundamen

physics@12#. AI’s are sensitive to the momentum transferDkW

from laser fields to the atom, and can be used to obta
precise value for the atomic recoil frequencyv r

5\(Dk)2/2matom. Recently, it has become possible to me
sure the wave vector of the laser fieldk, as well as the Ryd-
berg constant, the proton-electron mass ratio, and ato
mass with unprecedented accuracy@13–16#. It has, therefore
@12#, become feasible to obtain an improved value fora at
the level of;1 part per 109, which can surpass the precisio
of the measurement based on the electrong factor @17#.

The best atom interferometric measurements ofh/matom
have involved Raman transitions between hyperfine gro
states of cesium atoms@11#. However, the sensitivity to a
number of systematic effects such as frequency stability
tween the two lasers used to couple the ground states, d
ential ac-Stark shifts associated with the ground states,
dependence on stray electric and magnetic fields, mus
studied in detail as in Ref.@9# before a final measurement ca
be reported. A measurement of the recoil frequency usin
time domain AI was demonstrated in Ref.@18#, which is
potentially insensitive to several of these systematic effe
Here, the cold atoms are manipulated in the same inte
ground state using off-resonant standing-wave pulses. H
only a single laser is required to produce the excitation
detection pulses. There is no necessity to optically pump
sample or use magnetic shielding. These features reduc
perimental complexity. There has also been a continued
terest in using such single-state AI’s for a measuremen
h/mRb following recent experiments in Bose condens
samples@19# using a technique similar to Ref.@18#.

A new scheme that also uses atoms in the same inte
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state but works in the frequency domain was proposed
Ref. @20#. In this work, we have utilized this scheme to o
tain a preliminary measurement ofv r using laser cooled Rb
atoms@21#. As in Ref. @3,8,11#, the degree of precision is
limited mainly by the transit time of ground-state atom
through the region of interaction.

II. SINGLE-STATE AI’S

For the AI in Ref.@18#, atoms in a single hyperfine groun
state are diffracted into a superposition of momentum sta
separated by multiples of 2\k using a standing-wave puls
detuned from the excited state and applied att50. The
standing-wave interaction produces a spatially periodic d
sity ~grating! in the sample. This grating has a period ofl/2,
where, l is the wavelength of light. Although the gratin
decays due to the velocity distribution of the sample, it c
be rephased by a second off-resonant standing-wave p
~applied att5T) in a manner reminiscent of a photon ech
The AI thus relies on the discrete nature of atomic recoil~due
to absorption and stimulated emission of photons betw
the traveling wave components of the standing wave! and
matter wave interference between different center-of-m
momentum states. In this case, the rephased density gr
~echo! is produced in the vicinity oft52T. The echo is
detected using a heterodyne technique by coherently b
scattering a traveling-wave~readout! pulse from the sample
In this case, the shape of the echo signal is given by

S0~ t !5~ t22T!e2[( t22T)Dku/2]2, ~1!

whereu is the most probable speed. For a two-level ato
the periodic dependence of the backscattered signal on
pulse separationT is given by

S1'J2„2u2sin~v rT!…. ~2!

The argument of the Bessel function contains the pulse a
of the second standing-wave pulseu25*0

tV(t)dt, whereV
is the light shift due to the atom field interaction integrat
over the pulse widtht. In Ref. @18#, the predicted depen
dence of the signal onT was verified. A precise (;1/104)
measurement ofv r was obtained by measuring the amp
tude of the signal as a function ofT and measuring the time
between well-displaced zeros. An important advantage
this method is that the phase of the scattered signal is
essential for the recoil measurement.
©2003 The American Physical Society02-1
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In this work, we have followed the proposal outlined
Ref. @20# and measuredv r in the frequency domain. Two
off-resonant, counterpropagating traveling-wave pulses w
optical frequenciesv1 and v2 are used to drive transition
between the same atomic hyperfine ground state att50. The
sample is excited after a timeT by a second set of traveling
wave pulses. However, the directions of the second se
pulses are reversed as shown in Fig. 1.

The grating is detected neart52T by scattering an off-
resonant~readout! traveling wave with frequencyv1 from
the sample and measuring the amplitude and phase o
scattered light at frequencyv2. This excitation scheme is
similar to a Ramsey fringe experiment@5,11,22–24# in which
the population or coherence associated with an atomic l
acquires an oscillatory phase that depends on the detun
d5v12v2. In our case, the ground-state population grat
acquires a Ramsey phasef54dT and is used as a probe o
this phase. Reversing the directions of the second set of
citation pulses results in a cancellation of the Doppler ph
associated with the momentum states at the echo point a
preservation of the Ramsey phase. We can express the b
scattered signal as@20#

S~d,T!5exp~4idT!J2@2u2 sin~v rT!#. ~3!

The complex exponential in Eq.~3! makes it necessary t
measure the phase of the signal in order to observe the e
of recoil.

In atomic beam experiments@25#, the oscillatory fields are
separated spatially. The longitudinal velocity distributi
causes each velocity class to interact with laser fields wi
different time separationT. In such an experiment, the ob
served signal represents an average over the entire vel
distribution and this causes the Ramsey fringes to be
served. In experiments involving cold atoms, the fields
provided by laser pulses. As a consequence, the time se
tion experienced by the entire sample is the same. It is, th
fore, necessary to repeat the experiment for a range of va
T, and average the results to obtain the Ramsey line sh
@26#.

Equation~3! predicts a characteristic Ramsey fringe p
tern with recoil components atd50,60.5v r ,6v r , . . . .
The precision of the measurement ofv r depends on the pre
cision to whichd is known. Both this work and Ref.@18# are

FIG. 1. Schematic diagram of pulsed laser fields used in
experiment.
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done in the Raman-Nath regime, with pulses,1 ms. Nev-
ertheless, there is an uncertainty about the definition ofT in
Eq. ~2!. This uncertainty is avoided in this work since w
average over a range ofT in Eq. ~3!. However, the ultimate
precision of both experiments is determined by the stabi
of a frequency standard. In the time domain experiment,
frequency standard would control the time base of the
periment. In the frequency domain, the frequency stand
controls the oscillators used to generate the frequency di
ence.

In previous Ramsey experiments@5,22–24#, the precision
that can be achieved depends on a precise determinatio
the detuning between the laser and the excited state an
limited by the lifetime of the excited state and the laser lin
width. In contrast, our experiment involves excitation to
virtual transition and stimulated emission back to the grou
state. In this case, the detuningd5v12v2 can be easily
controlled with a precision determined by a frequency st
dard. Since our beams are generated from a single la
variations in laser frequency are common to both beams
a laser with an ultranarrow line width is not required as
atomic clock experiments@5,22–24#. The precision is limited
only by the transit time of ground-state atoms rather than
excited-state lifetime~in practice, the effective transit time i
limited by collisions and stray light fields!. We also note that
in this case the range ofd (;10 MHz) is limited by the
pulse bandwidth.

III. EXPERIMENTAL DETAILS

We have used a sample of85Rb atoms trapped in a
magneto-optical trap~MOT!. Our sample contains;108 at-
oms at a temperature of;200 mK. The trapping beams and
excitation beams are derived from the same cw laser.
amplitude and frequency of these beams are controlled b
chain of acousto-optic modulators~AOMs!. The pulses used
for atom interferometry are tuned;90 MHz above theF
53→F548 transition. The AOMs are driven by oscillator
that are phase locked to a commercially available Rb
quency standard with a short term stability of 0.5 mHz. T
oscillators operate near 250 MHz and the frequency diff
encef 5(v12v2)/2p can be adjusted to within 10 mHz. W
measure and correct the phase of the rf oscillators so that
constant at the time of the readout pulse. Since the ato
wave function picks up a spatial and temporal phase fr
each of the interaction pulses, the signal can be predicte
vary as e[ 2 id(t112t21t)] @27#. For our conditions, t1
522T,t252T, and t50 define the pulse sequence. Th
time separationT between pulses can be controlled to with
5 ps by delay generators. The time base of the generato
also slaved to the Rb standard.

The experiment is typically carried out at a repetition ra
of 10 Hz. The measurement is done with the trapping be
and magnetic-field gradient turned off. The first excitati
pulse is applied;1 ms after the turnoff of the trapping lase
and magnetic-field gradient. The repetition rate is limited
the time required to turn on the magnetic-field gradient.

We use a balanced heterodyne detection system simila
Ref. @18# for detecting the echo, as shown in Fig. 2.
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The undiffracted beam from AOM1 is used as a loc
oscillator. When the readout pulse is applied just befort
52T, the backscattered echo signal is observed on b
channels of the detection system. We treat these signa
the real and imaginary components of the scattered light
use them to obtain the amplitude and phase of the signa

IV. RESULTS AND DISCUSSION

Figure 3 shows a component of the echo signal as a fu
tion of time.

The shape of the signal is consistent with Eq.~1!. We
integrate the first half of the echo (;800 ns before the zero
crossing! and subtract the integral of the second half to o
tain the amplitude of a component. This amplitude is m
sured as a function of detuningd for a fixed T. Figure 4
shows the amplitude as a function of the detuningd for T
5100 ms.

The amplitude of the signal has an oscillatory depende
on d given by S05cos(4dT) as seen from the fit in Fig. 4
For a fixed value ofT, we obtain the average values of th
frequencies of the real and imaginary components of
echo signal. This measurement is repeated for different t
separations,T. A linear fit of the measured period as a fun
tion of T gives a slope of 4.004 and an offset of 0.7ms. We

FIG. 2. Experimental setup; 1/4 wave plates are used to prod
circularly polarized excitation pulses.

FIG. 3. Echo as a function of time.
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note that the slope is in agreement with Eq.~3!. The Ramsey
fringe pattern is then obtained by averaging a particular co
ponent ~real or imaginary! of the oscillatory signal over a
range ofT. The amplitude of the echo as a function ofT in
Eq. ~2! is fit to a decaying exponential. The amplitudes of t
oscillatory signals are then weighted to compensate for
decay. Figure 5 shows the Ramsey fringe pattern obse
over the rangeT512–164ms by varyingT in steps of 4ms.
A least-squares fit to Eq.~3! with v r andu2 as free param-
eters is shown as a dashed line in Fig. 5.

The fit yieldsv r597.03103 s21. This is consistent with
v r5\Dk2/2mRb, whereDk52k. The data show peaks a
60.5v r and6v r , which is consistent with Eq.~3!. We also
note that the fit givesu251.8 which is in reasonable agree
ment with experimental parameters. Analysis of the residu
currently allows us to determinev r with a precision of
;1/103. The relative amplitudes of the observed recoil co
ponents and their signs are consistent with predictions
this pulse area@20#. An interesting feature of this experimen
is that the center of the fringe pattern has to occur atd50 as
shown in Fig. 5. This peak corresponds to the undiffrac
component of the signal. We have also been able to dem
strate the insensitivity of our measurement to magnetic-fi
gradients. When the measurement is conducted with or w
out the magnetic-field gradient associated with the MO
there is no apparent difference in the observed signal. T
adds to experimental convenience, since it is possible to
quire data without pulsing the magnetic-field gradient. W

ce

FIG. 4. Oscillation of a component of the echo signal as a fu
tion of detuningd for T5100 ms; data are fit to the form cos(4dT)
and shown as the solid line; the fit gives a period of 2.50 kHz.

FIG. 5. Observed Ramsey fringe pattern; solid line is da
dashed line is fit which yieldsv r597.03103 s21 andu251.8.
2-3
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have also measured the Ramsey phase in the time doma
using a fixedd and varyingT. We find that the signal has th
same dependence on the Ramsey phase as in the frequ
domain experiment.

V. CONCLUSIONS

Since we rely on the stability of a commonly availab
frequency standard, our precision is expected to be lim
only by the transit time of the atoms. In this work, the tran
time is;200 ms due to decoherence effects of collisions a
scattered light. Since we can controld to ,10 mHz, we
estimate the resolutionv r /Dv r to be;83105. By modify-
ing our vacuum system and employing mechanical shut
we have achieved a transit time of;5 ms ~the theoretical
value of the transit time depends on the beam diameter
cloud temperature and is estimated to be;15 ms for our
conditions@28#!. Analysis of the width of the Ramsey fringe
shows that the fringe width should scale as;1/T. It is also
possible to achieve a substantial increase in the measure
accuracy by measuring the separation between widely sp
higher-order recoil components. This would require usin
higher pulse areau2 as suggested by Ref.@20#. We, therefore,
estimate the precision to be;1/106 at the transit-time limit.
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At this level, we expect to do more extensive tests of s
tematic effects associated with ac-Stark shifts, magn
fields and field gradients, the quality of laser beam profil
and vibrations. For small echo amplitudes, it is possible t
the frequency domain technique may result in better sign
to-noise than the time domain measurement. This is beca
the amplitude and phase of each frequency component
be accurately determined by fitting several periods of
oscillatory signal. Another desirable feature of this techniq
is that the shift in the position of the central Ramsey frin
~with excitation pulses along the vertical! can be used for an
accurate measurement of gravity@20#.
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